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- .-. FINAL REPORT

Summary and Analysis

The research reported here may be divided into three sections. The first

deals with the effect of atmospheric gravity wave on airglow. The work results

in a paper entitled “On The Behaviour of Airgiow Under The Influence of Gravity

Waves”. (Porter, Silverman and Tuan (1974)). The second section deals with

“potential” model for gravity waves (Yu, Tai and Tuan (1975)). Most of the work

for this is finished. Upon completion we intend to write a long paper on this new

approach to gravity wave problems. The third section deals with the non-linear

effects of gravity waves, in particular their effects on natural atmospheric

oscillations and airglow, (Than, Hedinger, Tai and Silverman (1975)). A preprint

is enclosed with this Final Report. We intend to continue working on this problem

which shows promise for handling a much more general variety of non-linear gravity

wave problems.

I. On the Behaviour of Airglow under the Influence of Atmospheric Gravity Waves

The development of the technique for treating the effect of gravity waves on

ionosphere has been given in some detail in the final report in (1973), (see also

Porter and Tuan (1974)). We have since applied the Green 1 s function technique

developed in that paper to the 6300 ~ 01 and the 5200 NI emissions in mid-latitudes.

Our procedure is based on the assumption that these two highly forbidden emis-

sion lines can only occur in the F-region and the upper F-region where our theoretical

calculations for the behaviour of electron density profiles under the influence of

a fully ducted long period gravity wave (Porter and Tuan (1974)) is most valid.

For long period gravity waves the continuity equation for oxygen concentration in

the states reduces to the quasi-equilibrium equations of Petersen, Van Zandt

and Norton (1966). Together with the time-dependent electron density profiles

H .
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the emission rate for 6300 01 may be calculated. A rather stringent test of our

theoretical calculations has been provided by the experimental observation of

Dachs (1968) who has obtained not only the 6300 ~ observations as a function of

time but also the simultaneous f0F2 and h’F2 variations with time. With a suitable

S 
choice of only two parameters, (the scale height H = 65 Kin, the scale height

factor p = 1.5), the theoretical results for simultaneous variations in 6300 01,

f0F2 and h’F2 appear to agree very well with the corresponding experimental obser—

vations. Considering how few free parameters are used in comparison with the

diversity of the experimental observations (both airglow and ionospheric parameters),

the agreement must give us confidence in our basic theory .

k For the 5200 NI we can no longer use the quasi-equilibrium theories of

Peterson, Van Zandt and Norton (1966), since the half life of the 2D512 
state is

very much larger than the period of the gravity-wave oscillation . This is especially

so at high altitudes where quenching can no longer compensate for the very slow

radiative loss. By making use of the theories of Hernandez and Turtle (1969) which

neglects the diffusion terms in the continuity equation for atomic nitrogen concen-

tration in the 2D state but includes the time dependence , we can calculate the 2D
‘I.

nitrogen state concentration. The effect of electrons on the nitrogen concentra-

tion is to quench the optically forbidden state through superelastic collisions.

Thus, a sinusoidally varying electron density concentration produced by the gravity

waves would also produce a sinusoidally varying 5200 ~ nitrogen emission line.
a

Several interesting results have come out of this calculation. (I) The impor-

tance of electron quenching for this highly metastable nitrogen state has effec-

tively kept the peak of the 5200 ~ luminosity profile relatively low even though

the very long half life may at first seem to imply a high luminosity peak. In fact

the calculated peak is comparable to the 6300 01 luminosity peak. This is consis-

tent with the observations of Weil]. and Christophe-Glaume (1967) who argued from

geometric considerations that the 5200 peak should only be about 12 km above the 
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6300 ~ peak if the speed of the travelling ionospheric disturbance is assumed to

be the same for both emissions. (2) Because of the effect of quenching and the

lack of 0 and NO+ molecules at high altitudes to produce airgiow, the vertical

movements of the luminosity profiles is considerably more restricted than the

movements of the peak electron density profile. (3) The rate of change of total

columnar electron content is always negative in the absence of incident electron

flux. This means that in the presence of a gravity wave, the oscillation of the

S 
columnar electron content decreases monotonically with height.

The result is significant in that any non-monotonic oscillations in the total I

electron content cannot be caused by gravity waves. Thus, a measurement of the

columnar electron content variation with time can determine whether a gravity wave

or some incident electron flux is causing the oscillations. (4) There is always

a phase advance in the airglow fluctuations with respect to the change in the total

electron content. The reason for this is discussed in detail in the enclosed pre-

print.

II. On “Potential Model” for Gravity Waves

Introduction

Most theoretical studies on the propagation of gravity waves through the

• atmosphere are classified into the following categories; the ray theory, the

WKB method and the multi-layer model. Of these methods the multi-layer full

wave approach (Francis, S.H., (1973) , Xlostermeyer, J., (l972a,b) Volland, M.

(1969), Midgeley, J.E. and Liemohn, H.B. (1966), Friedman, J.P. (1966)) is perhaps

the most complete in that the formalism allows the waves to be scattered into dif-

S ferent channels. For instance, a gravity wave may be scattered or transmitted as

a heat conduction wave and vice versa. The basic assumption used for these full

wave model calculations is that the atmosphere is horizontally stratified and may

be divided into thin isothermal layers in which we may assume the various atmos-

- - 
pheric parameters to be constant. The waves are then joined together at the 

~~~ -—~~~~—-~~~~~~~-~~~~~~~~ S - - - ---
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interface by appropriate boundary conditions. There are a number of difficulties

associated with such an otherwise excellent approach.

(1) The sharp step function change in the parameters such as temperature etc.

across different layers would produce s-functions in their height derivatives

(Hines (1973)). Although justification for some special use of the multi—layer

model have been given by a number of authors (e.g. Pierce, (1966)), it may be de-

sirable to verify these justifications by a totally different approach.

(2) There has been some uncertainty about the boundary conditions to be used

at the interface between adjacent layers, owing to the perturbation of the wave

on the ambient atmosphere, (Francis, 1973, Volland, 1969, Friedman, 1966).

(3) A good deal of uncertainty seems to exist for the so-called upper bound-

dary conditions. The spectrum for the guided modes is dependent on whether this

upper boundary condition is assumed to be a free surface boundary , a rigid sur-

face boundary or the radiation condition, (Friedman (1966), Tolstoy and Pan (1970)).

Basically, there is very little one can do about the upper boundary condition

as long as one sticks to the usual formalism of multi-layer method as applied to

the system of coupled first order differential equations. The reason is that the

solution is invariably a plane progressive wave and in a numerical solution one

must follow such a wave up the atmosphere until an “upper” boundary is reached.

In reducing the problem to a second order Sturm-Liouville equation we may obtain

“standing wave” solutions for the discrete eigenstates. Outside the range of

the “potential” we may just simply use the “outgoing” boundary conditions common—

ly used in atomic and nuclear physics.

(4) Different nomenclature has been used for waves considered not to have

the same guiding mechanism. A surface wave, for instance, is a wave which is

vertically evanescent and is considered to be guided by say a temperature dis—

continuity, (e.g. the sharp temperature change at the base of the thermosphere).

—--- -.

~ 
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Such a ducting mechanism has been originally suggested by Thome (1968) to account

for large scale TID’s in the F-region. The mechanism has been developed later

• by Francis for a more realistic temperature profile (Francis 1973). Such a sur-

face wave is not considered to have the same guiding mechanism as for instance,

the S2 mode at lower altitude. This mode is supposed to be guided by two boun-

daries instead of one, the mesopause and the ground which form the upper and

lower boundaries of a wave guide. Our present approach should settle the problem

whether these apparently different waves with different names are in fact guided

by fundamentally different mechanisms.

(5) Some considerable controversy exists for the ducting mechanisms for

medium scale TID’s. Friedman (1966) maintained that medium-scale TID’s are

caused by strongly ducted gravity waves which have rather low horizontal phase

velocity (less than 250 m/sec). Francis (1973) has maintained that gravity waves
p

with so low a horizontal phase velocity cannot be ducted in the usual way. It

is in fact refracted around the earth by the changing direction of the earth’s

radius of curvature.

• (6) So far as we know there are no direct measurements of the presence of

gravity waves at F-region heights. Usually, the waves are detected indirectly

• through its effect on the electron density concentration which can then be mea-

sured by means such as the incoherent backscatter. A knowledge of the phase front

of such waves can help us determine the degree of ducting. In general, it is not

easy to deduce the direction of the phase front from the phase of the TID. Porter

and Tuan (1974) have shown that if a purely vertical phase front is assumed for

the gravity wave, the TID would have a nearly horizontal phase front in the F-

region peak. In fact phase variation with height is almost identical to Fig. 14

in Francis’ paper (Francis 1973) (see also Figure 7, Porter and Tuan 1974). Thus,

just because the phase front of TID may be nearly horizontal at the F-region peak, 

— --—------ ---~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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does not imply that the gravity wave has a horinzontal phase front. Thome (1968)

has used a step function temperature profile to obtain a single fully ducted mode.

Francis (1973) has used the 1965 Cospar Model and obtained three partially ducted

modes (for long period gravity waves).

In view of all these difficulties some of which apparently arise from the

multi—layer model itself, we will investigate the behaviour of atmospheric gravity —

waves by a totally different approach. We will treat the gravity wave propagation

through the atmosphere as a multi—channel scattering problem with effective

“potentials” for each channel. For this report we will restrict ourselves to

altitudes below 500 Km where we may neglect viscosity. The gravity waves may then

be scattered into the heat conduction wave channel and vice versa. The problem be-

comes very similar to scattering in atomic or nuclear physics. In first approxi-

mation we will decouple the heat conduction wave channel from the gravity wave

channel by assuming a lossless atmosphere. For the gravity wave channel , we obtained

the “potentials” for Summer and Winter Seasons as well as different exospheric

temperature from the 1972 Cospar Models. The problem may then be treated as a

scattering process (free modes), a resonance process (partially guided modes) or a

bound-state problem (fully ducted modes).

We will investigate the behaviour of this potential for different gravity wave

frequencies as well as for different seasons and different exospheric temperatures.

We will also determine the number of bound (fully guided) and resonance (partially

guided) states together with the behaviour of the pressure variation as a function

of height for those states. We will also show that for long period waves the

boundary conditions together with the potential imply the existence of a lowest

ground state belonging to the lowest eigenvalue. Since the eigenvalue is in units

of inverse horizontal phase velocity , there exists an upper limit to the horizontal

phase velocity for guided modes. The free modes also have an upper limit (somewhat

higher) which depends on the exospheric temperature. We will also develop an 

• •~~1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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approximate semi-empirical dispersion relation for a lossless atmosphere for alti—

tudes higher than 130 Km where the “potential” becomes very f lat  and structureless.

With this dispdrsion relation we hope to show that an F-region gravity wave can to —

some extent be ducted by the curvature of the earth and that , in fact , the sharp

temperature change at the base of the thermosphere as given by the Cospar models
- S 

cannot produce a suff icient ly deep “Potential well” at the F-region to guide a

gravity wave.

We will consider just how sharp the temperature change will have to be in

order to produce a well deep enough to guide the F-region gravity wave.

Theory

As a f i rst  step , we shall consider only two channels , the gravity wave and

the heat conduction channel. This is not a bad approximation (Volland , (1969)) for

altitudes below 500 Km. It can be shown that for horizontally stratified atmosphere

the coupled hydrodynamic equations can be reduced to the following coupled second

- - order eigenvalue equations :

______ + ~ + ~ (Ap ) - K 2 (Ap) A(AT) + B ~ ( T )  (1)

f [K 
a ( ~ T)~~ + D ( AT) - K K

2 (AT ) = y (A p )  + ô

where ct ,~~,-y , 6 ,A ,B ,D are known functions of temperature, mean molecular mass , ratio

of specific heats and thermal conductivity . K
~ 

is the horizontal wave number and

K is the thermal conductivity. Equation (1) contains both the gravity wave solution

and the heat conduction wave solution. Each type of wave would have two linearly

independent solutions corresponding to upward and downward propagation . In the

- case when K = 0 we no longer have heat conduction. AT may then be immediately

eliminated and we would obtain a single second order eigenvalue equation whose

solutions are just the gravity waves .
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Since the boundary conditions for the de~ endent field variables (Ap ,AT , e & c . )

are just the continuity of the field variable together with their hydrodynamic

- .  de rivatives , (Thom e , ( 1968)) ,  they are essentially the same as the quantum mechani—

cal boundary condition . Thus , the eigeuvalues k,~ which ai-e j ust the horizontal

wave nuthbers may form a discrete set corresponding to “ducted” modes or a contir.uum

corresponding to “ free ” modes .

( 1) Discrete (bo und or resonance) States S

When the thermal conductivity K IS set equal to zero , equation (1) will immedi-

ately reduce to the following equation

[
~ 

Q ( z)  ~~~~
— — v(z) + A 2 1I 1 = 0 (2 )

where ~, = expi- -
~~

- f f ’/ f  dz]Ap

y 2 2= E (1% W

1% = Brunt—Vaisala frequency

~~~~~- 
1~~~

~ 2 2Wb 
-

2 fK \
2 1

• A = t - — - i = — 2x ~~w f  (V\ / phx

~~~~

• )~~~~~~ ±_  j~~~2 ’
\ ~~~~~~~~~~~ 
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~b 
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~
) 

-

- S 
+ 

(-y -2) g 
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b
4 24c c

- Int~ ediately from equat ion(2) , ~c learn that (1) for ducted or p a r t i a l l y  ducted

modes , since ~ obeys the usua l  boundary co~ th t ior~~ , the eigenvaluc w i l l
V

h

be discrete which means that  the iior :~ ’~~t J : .  ~‘:~a~ c v 1 z ~ -i ty  wi l l  €i1~,o be discre te.
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Furthermore, there is clearly a “ ground” state corresponding to maximum horizontal

phase velocity.

(2) For long period gravity waves, w > >  w2, the “potential” becomes indepen-

- S dent of the frequency of the gravity wave . In practice if the period of the gravity

wave is greater than 30 minutes , the “potent ia l”  is, fo r all practical purposes ,

independent of w . This means that for such waves there is no longer significant

S 
dispersion. It is easy to show that for an isothermal atmosphere , and constant

sound speed profile equation (2) would reduce to the Hines ’ dispersion relation if

we substitute in a plane wave solution . The profiles of temperature , mean molecular

weight, ratio of specific heats and gravitational constant are taken f rom the 1972

Cospar models , and the U.S. stand and atmosphc~re (1965). Fig. 1 shows the tempera-

ture profiles for the Summer Season with exospheric temperature ranging from 600°K

- to 2200°K. Fig. 2, 3 and 4 show the “potentials” for long period gravity wa~’es

(> 30 mm .)  when they are no longer dependent on gravity wave frequency . They

• correspond to exospheric temperatures of 600°K, l800°K and 2200°K respectively.

The dashed curve is the Summer “potential” while the solid line is the Winter

“potential”.

These potdntial curves above can already provide us with a lot of information .

One at once sees that there are no strictly fully ducted modes since clearly only

“resonance” states can exist for such potentials. For long period gravity waves ,

there is clearly an upper limit to the horizontal phase velocity as well as an

upper limit to the horizontal phase velocity of the guided modes. We should

emphasize here that in neglecting viscosity and heat conduction , our “potential”

models are good approximations only below 150 Km. Above 150 Kin , the dissipative

S 
losses become important. It is possible to show that such losses form an imaginary

part in add4ti on to our real “potential” given by equation (3). We may then in

general use the optical model treatment for the entire problem.

~ 
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We will for the moment consider only the real “potential” given by equation

(3) . If we use a Winter temperature profile with an exospheric temperature of

1500°K, the potential for a gravity wave with a two-hour period is given by Fig. 5.

• The discontinuity at the ground surface provides a 5-function “potential” which

may be replaced by the boundary condition ,

~~~ z=o 
+ 

~~~

‘ 

~~~~~~~~ ~ z..o 
(4)

The important feature of our “potential” is that it becomes quite f lat  and

constant above 200 Km. The solution above this height can be approximated very

well by plane waves . The problem of determining ducted or partially ducted modes

thus reduces to determining the bound or resonance states for atomic and nuclear

physics . We may hence use phase sh i f t  analysis to determine the resonance states.

The phase shif t may be computed from the usual equation

K
~ 
cot (KR + 6 ( X 2 ) )  = 

~~~~~~ (5)

where R is any altitude in the region where the potential is effectively flat. A

resonance occurs whenever 6 goes through . Fig. 6 shows a plot of the phase

shift computed from equation (5) . The curve shows that the phase goes through a

very sharp change of it radians at A 2 = 10.43 and A 2 = 14.33 corresponding to horizon-

tal phase velocities of 309.7 and 264.2  meters per second respectively . This agrees

very closely with the S1 and S2 modes of Francis (1973) . A rather faint suggestion

of a resonance occurs for ~ 26 but the resonance is too broad to be considered

as anything much more than background . Something similar has been discussed by

Francis with the multi-layer method . The very sharp resonance at A 2 = 10.43 is the

well known Lamb mode. As can be seen from the location of the two resonances in

• Fig. 5 the Lamb mode is not really ful ly  ducted . In fact , there are no fu l ly  ducted

modes as already mentioned not even the Lamb mode which has the lowest eigenvalue.

Considering the fact that we have not used similar temperature profi les as Francis

_ _ _  S -- S - - -~~ — - ~~--S ~~~ - - - 5 -- -- -



- - S_~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5.~~~~~~~~~~~~~~~~~~~~ 5 -

13

and that we are only considering the real part of the potential the agreement would

be another confirmation that the imaginary part of the potential (the dissipation)

is relatively unimportant below 150 Km. We will hence identi fy our resonance as

the S1 and S2 modes. The eigenfunction ~P 1 for the S
1 

mode is given in Fig . 7 which

shows the very high amplitude near the ground level . Above 150 Km when the poten-

tial is very f lat  with no structure whatsoever , the amplitude of the eigenfunction

becomes exceedingly small. However , there is clearly a small f inite possibility

for leakage and the eigenfuriction is definitely that of a resonance state. Fig. 8

shows a plot of the S2 mode eigenfunction 
~ 2 • Once again , the amplitude becomes

smaller above 150 Km and is quite large below that height level. However , there is

clearly considerably more leakage. 1
~
)
2 

has large amplitudes at about 50 Km where

there is a deep well (Fig. 5) formed by the hump at the stratopause. However the

most important guiding mechanism for this wave still comes from the 6-function po-

tential at the ground level. For this reason, the partially guided gravity waves

for both the S1 
and S2 modes should be readily observable at the ground level.

(4) The Guided Mode at the F-Region.

At F-region altitudes dissipative losses due to heat conduction , viscosity and

ions drag become very important. Perhaps the most important of these losses is

heat conduction ~Volland (1969) ,  Francis (l973a)).

Since at the moment we are only concerned with the real part of the potential,

we will consider the effect of the temperature structure as well as the variation

in the mean molecular mass on long period gravity waves with high horizontal phase

velocity.

There is a general belief that the sharp temperature drop at the base of the

thermosphere can be considered as some form of discontinuity which can guide a

surface wave. Thome (1969) has used a step function temperature profile to obtain

r — a single fu l ly  guided mode . Later Francis ( 1973) by using the 1965 Cospar model

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~L • _. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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together with assumptions on losses due to heat conduction and viscosity succeeded

in obtaining three partially ducted modes. Both Thome and Francis used the multi-

layer method , although in the case of Thome there were only two layers , since a

- • step function temperature profile was used.

Within the physical framework of a potential model, a step function temperature

- - : profile is just a 6—function potential. It is well known that a 6-function poten-

tial can have a single bound state with finite eigenvalue. Thus , the single mode

of Thome is not surprising. Furthermore, a well behaved solution for a 6-function

potential must consist of decaying exponentials which implies that the wave numbers

are purely imaginary.

Since this is just the definition of a surface wave ducted by a single discon-

tinuity, we see that within the present physical framework , there is no need to

consider a surface wave as something separate from other guided waves.

A glance at Fig. 2, 3 and 4 immediately reveals the fact that the F-region well

if it exists is very shallow indeed . Part of the reason why it is so shallow is

that the “potential” as given by equation (3) really depends on derivatives of the

speed of sound c rather then the temperature profile. The variation of the mean

molecular mass with altitude is such that the sound speed profile has a much more

gradual slope than the temperature profile.

However, for high exospheric temperatures , it is possible to show that an ex-

ceptionally shallow but broad well does exist at the F-region which corresponds to

the temperature rise above the mesopause. Such a potential well can be very accurately

approximated by the Morse Potential given by:

V = V0 + a(e
2 zz0) - 2e C

~~~
ZO)] (

where z = height at which the minimum of the well occurs
0

V0 = some scaling constant.

- 5 -S- -S -~~~~~
S - - — - -—S---•~--—
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The quantities a and ci are the two Morse potential parameters. One can then show

that the criteria for the existence of bound states in terms of the Brunt frequency

1% is given by:

• 2 2
1

N =  > —
ci 2

where u is the frequency of the gravity wave. Table I shows the values for N for

long period (> hour) gravity waves and exospheric temperatures of 2000°K and

2200°K respectively.

TABLE I

o oExospheric Temp. 2000 2200
— 

Z 272 Km 278 Km

ci 1/70 Km 1/74

A 7.396 x l0 2Km 2sec 2 8.39 x l0 2Km 2sec 2

V 6.B6x 1O lKm
_2
sec2 5.957x lO 1Km 2sec2

0

N 0.133 0.146

It is clear that both values of N are less than 0.5 the minimum required

for a bound state. For lower exospheric temperatures N becomes smaller still.

In order to determine just how sharp the temperature drop will have to be at

the base of the thermosphere in order to produce a well sufficiently deep to guide

S ‘ a gravity wave we used an analytic temperature profile given by Fig. 9a. Fig. 9b

shows the corresponding well with a minimum at about 140 Km. It is clear that

• such a well can only produce fully ducted modes with horizontal phase velocities

greater than 1000 meters/sec (A 2 < 1). We are not aware of observations which

support this.

To explain Thome ’s (1969) observations which gave pretty convincing evidence

that at least a partially ducted wave at the F-region altitudes exist with horizontal

- 1 - - 5 5 55 - - S ~~55 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-5—- - - -
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phase velocities of the order of 700 rn/sec and a period of about 2 hours, we must

point out that the real part of the “potential” only becomes predominant below

150 Km. Above 200 Km the imaginary part of the potential becomes much more impor-

tant than the real part. If we confine our attention for the time being to below

150 Kin, we see immediately from the potential that, for A 2 < 8 which corresponds

to V
h 

> 350 m/sec , there is little gravity wave below 120 Kin. Fig. 10 shows a

diagram of a gravity wave with a 2 hour period and a horizontal phase velocity of

707 rn/sec. which is rather similar to Thome ’s (1968) observed gravity waves. We

see that there is relatively little wave amplitude below 130 Km. This is in good

agreement with Thome ’s experimental observation of the gravity wave on May 13—14

and on June 9-10, 1964. The May 13-14 wave has horizontal phase velocity of 700 m/s~

and induces imperceptible oscillation at 134 Km where the electron density is still

relatively significant. The June 9-10 wave has a horizontal phase velocity of

600 rn/sec during the day and again induces no oscillation at 131 Km. From Fig. 10,

S we see that waves with such horizontal phase velocities do not have very much ampli-

tude below 130 Km. In fact, the gravity wave becomes evanescent below 120 Km.

These results are also in good qualitative agreement with the G
0
’, G1

1
, and 0

2
’

pseudomodes of Francis (1973).

Above 150 Km we can no longer ignore the imaginary part of the potential. To

a first approximation, we may use the WKB approximations which can immediately show I

that the imaginary part produces severe amplitude damping with height as well as a
•

change of phase in the eigenf un ction ~~~. The eigenvalues A 2 of the eigenstates

will also change . However , since imaginary part W of our potential is so large

at higher altitudes that we can no longer ignore second order terms in the scatter—

ing amplitude A. We may write

A = <
~b”t 

- v
~
G0v~ 

+ “pa
>

where

L A - - 
S
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vt = v + i W ,

and G is the Green ’s f unction obeying the same boundary condition as iJ, at the

origin and an outgoing boundary condition at z . G~, satisfies the equation

S 

~ -Q (z) ~~— +  A~ G ( z , z ’ , A 2 ) —6 (z — z ’)

The second order term contains four terms, one of which is the real term

WGW which can be very important and may produce resonance states. Since W + 0

as K + 0, we know that such resonance states corresponding to partially guided

- modes are strictly produced by dissipation .

In summary for the F—region long period gravity wave , we are in agreement

with both the experimental observations of Thome as well as the theoretical treat-

mont of Francis below 140 Km. Above this height level we are not in any real dis-

agreement with Thotne since we would have obtained a single fully ducted mode if

we had used a step function temperature profile. However, we are in sharp dis-

agreement with Francis (1973) who has obtained three partially ducted modes which

he has labelled G ’ , G1
’ , G2

’ and has furthermore maintained that they are essen-

S 
- tially produced by the temperature discontinuity at the base of the thermosphere.

Since we have both used realistic temperatures as well as speed of sound profiles ,

it is difficult to see how such differences may be easily reconciled. As already

S 
mentioned , the only way we can obtain ducted modes is through the second order

S 

• effect of the imaginary part of our potential. Since W , the imaginary part of

the potential, is large , it is certainly possible that some kind of ducting cor-

responding to a resonance state may be feasthle. However such resonance states

are not caused by the temperature change at the base of the thermosphere .

(5) The effect  of the earth’ s curvature on F-region gravity waves.

S Although the temperature gradient appears to be insufficient for ducting

longer period atmospheric gravity waves in the F-region , there are means other

_
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than atmospheric structure which may be able to produce sufficient ducting to ex-

plain the observed behaviour. Practically all observed F-region gravity waves

are ducted only about 1/4 of the way around the earth. The distance is of the

- - order of 10,000 Km. Fortunately, for the F-region, the “potential” is very nearly

flat and 
1% also becomes a very slowly varying function of height. Thus, we may

to a first approximation assume that Q(z) and v(z,w) are both constant. From

equation (2) we may immediately derive the following semi-empirical dispersion

relation for the F-region
2

2 2 %  2 2
S 

k = k
~ 

( -1) - 
~ b 

-w )V (6)

where V is a constant and may be taken from the flat part of the “potential” curves.~

We may now adopt a similar procedure as Francis (1972). It is possible to show that~
— the group velocities are given by :

3w k

3K 
K: 

~~2 

(II: _ k
x
2
~
1_
~.J 

(7)

gz 3K 
K wV - k

2(4_)

If we introduce x as a variable defined by

x = R E8

where RE is the radius of earth and 8 is the angle with respect to say the axis

of rotation, and z as the vertical height normal to the earth’s surface, then

dz v k
_ _ _  — 

gz _ z 8
dx 

— 

vgx 

— 

k (—~—- - 1)

- S 
Since V is a constant in equation (6), we may immediately obtain the follow-

~~~• ing equations for K
~ 

and K
~ •

A - - ~:—- -- 
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L dx Kz x
H

(9)

dK K

- 

- •

. = 
~~ 2 w b w

The above equations are identical to those of Francis (1972).

Solving for K
~ 

and 
~~~ 

we obtain

(
(w
b
2
~~w

2
)l/2

) 
RE (w

2
- w

2
)V2

1 
j ~~

K
~~
= A e  + D e  

b (10)

w X (4) X

, 2 2 2 2 l/2~ ~ 2 2 1/2~vw
b

w (u
b
- w ) ‘a (w

b
- (A)

K =  (Ae - D e
S Z w

Since D > A and the exponent is much less than one for x < 10,000 Km, K is negative.

There is hence always a strong forward tilt as shown in Fig. 11. If we assume

$ that the ray path begins at 160 Kin, it will reach a height of only about 310 Km

after travelling 10,000 Km i.e. 1/4 of the way around the earth.

The gravity wave here is assumed to have a two hour period and a horizontal

phase velocity of 723 m/sec. Since these numbers are similar to the waves observed

by Thome (1968) , it would seem not beyond the realm of possibility that the earth’s

curvature can be an important contributing factor to F-region gravity wave ducting .

(6) “Potential” Model and the Hines Dispersion Relation.

S 

• 
In regions where the Brunt-Vaisala frequency is a slowly varying function of -

height , the “potential” model reduces to the Hine ’s theory for small horizontal

phase velocity; (large A 2 ) .  From equation (2 )  we see that if A 2 
>> lv i ,  (2)

reduces to
22 w S

+ ( -4-- — 1) K~
2
~4 = 0 . ( 12)

dz w 
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~iKzSubstitution of plane wave solution e z in (12) will immediately yield the Hines

p dispersion relation.

Generally speaking, the “potential” is of the order of 25 Km 2sec2 which

corresponds to a horizontal phase velocity of 200 rn/sec. This means that for

V h << 200 rn/sec, the Hines model would be rather good in regions where is a

S slowly varying function of height. S

To compare the various solutions we have shown a plot of the S1 and S2 modes

together with the “free” gravity wave solution for horizontal phase velocities of

707.1 rn/sec and 213.2 rn/sec in Fig. 12. As can be seen, it is difficult to plot

them all on the same scale. The “free” gravity wave corresponding to 213.2 rn/sec

5 
is already approaching a simple sine wave. It is interesting to note that in the

“potential” picture one sees immediately that all gravity waves with horizontal

phase velocity higher than 310 rn/sec must necessarily be F-region waves. They must

all become evanescent below about 120 Km. The 707.1 rn/sec gravity wave clearly

illustrates this.

We have so far confined ourselves to investigating gravity waves with periods

larger than 30 m m .  when the “potentials” do not vary significantly with frequency .

For gravity waves with shorter periods than 30 m m .  the “potential” curves are

drastically altered. Fig. 13 provides an example for a gravity wave with only

a 7.5 m m .  period . The investigation of such types of waves is beyond the scope

of the present report.

•

III. On Non-Linear Effects of Gravity Waves

There are many airglow oscillations showing a small period (8-14 minutes )

oscillation superimposed over a long period oscillation of the order of hours .

Most of the data available are given by the 5577 01 airglow emission and to a

S 

lesser extent the 6300 red line emission. Sample examples of such data will be

given in the next section (Summary of preliminary work) . Our aim here is merely

— S
.
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to state the principal objectives of our proposal. The airglow data may be summar-

ized as follows.

(1) Most of the data are not tied to any known impulsive energy sources

- • such as an explosion.

(2) Some of the data shows that the small period oscillation follows

S the long period oscillation in time sequence and is in fact slowly excited as the

long period oscillation increases in intensity .

(3) There appears to be some var iation in the period of the small period

oscillation with the undulation of the long period oscillations.

There are theoretical analyses which may possibly be invoked to explain these

results (although the original authors may not quite have had such a situation in

mind when they proposed their theory), for instance the treatments of Row (1967)

and Liu and Yeh (1971) . Row ’s analysis deals with point impulsive sources. Liu

and Yeh ’s treatment deals with a generalization of the point source to include spa-

tial and temporal extensions . They were also able to show that at far distances

(“ 1000 Km) away from the source we can obtain a short period Accoustic frequency

oscillation superimposed over the long-period gravity-wave oscillation. While we

have no doubt that their treatment is sound we do have some reservations over whether

it can be used for explaining the observed results for the following reasons :

(1) These theoretical treatments do require some kind of impulsive energy

sources.

(2)  The results of Liu and Ych (1971) show that at far distances from the

source (“ 1000 Kin) the short-period (accoustic frequency) wave arrives f i r s t  fol-

lowed by the long period gravity wave .

(3) In both these treatments an inviscid lossless atmosphere is assumed. If

we were to use such a theory to explain the airglow oscillation we must hence assume

-
~~ that both the gravity wave and the accoustic frequency wave originate from far dis-

tances. 
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(4) The observed short period oscillation occurs only when the long period

oscillation has a large amplitude. Liu and Yeh ’s (1971) treatment is essentially

S a linear treatment and does not allow a sharp cut—off of the short period oscilla—

- •

. 

tion at certain amplitudes in the long period oscillation .

S 
We believe that the observed airglow oscillations j ust mentioned are typical

examples of non-linear coupling between a gravity wave and the local atmosphere.

S We propose the following simple model which we intend to later develop into a full

S scale theory based on hydrodynamic equations.

Generally speaking, the hydrodynamic equations are coupled non-linear partial

+
differential equations for dependent field variables such as pressure p(x,t)

4- + 4-
density p ( x  ,t) and velocity v(x,t) . From a mathematical point of view it is

very diff icul t  to handle non-linear partial differential equations and from a

physical point of view it is also a lot easier to visualize a lump of fluid in

oscillation rather than dealing with field variables. Our first step is therefore

to go from a field picture into a particle (lumped mass) picture.

In general, if f = f(z,t) is any field observable Cf may be the pressure,

density or temperature) , f(z(t,z0),t) is the same observable of a particular element

of fluid (a particle) identified by its initial position z0 at t = 0. Here z =

z (t, z0) is of course the trajectory of the fluid element. It is possible to show

3f (z ,t) 3f (z ,t) . . . .that or may also go into their corresponding particle picture if

S we substitute z = z( t ,z0) in 
3f ( z ,t) 

or 
3f ( z , t) 

Furthermore , it makes no d i f fe r—

ence whether we substitute in z (t ,z0) fi r s t  and then differentiate or differentiate -
first and then substitute. In the former case af (z(t ,z

~
j,t) is just the change

in f with respect to a change in the particle trajectory while keeping the time

fixed. The same applies to higher order derivatives. 
S

We shall for the present report neglect heat conduction and only use phenomeno-

logy for viscosity . We shall also assume that variations along the horizontal

_ _ _ _ _  _ _ _ _ _ _ _ _  __  -—~~~~~--5~~~~~~~~~~— -S 
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directions may be neglected. It is then easy to show that the hydrodynamic

derivative

Df ~f 3f
—

Df 3tz z(t,z0)

We will use the above procedure to convert Euler ’ s field equation into a

particle equation. As a first step, we will derive the equation for the natural

oscillation of the atmosphere in an unperturbed hydrostatic background. The S

usual method used for such a derivation has always been within the framework of 
—

a particle picture in which the “particle” is an element of fluid contained in a

weightless invisible plastic bag. In order to later incorporate the gravity wave —

field as a background in addition to the hydrostatic background and consider the

coupling between the gravity wave and the Brunt oscillation , it is much more natural

to derive the Brunt oscillation from a field picture.

The field equations can then be converted into “particle ” equation which is

just the equation for simple harmonic m otion . We can then use very similar pro—

S cedure to derive the Brunt oscillation with the gravity wave field as background.

After conversion into a “particle” equation we would have a Hill’s type of equation .

We will show that the time dependent parameter will have a fundamental fre-

qunucy equal to the gravity wave frequency and that parametric excitation of the

natural frequencies can occur. Since the velocity gradient term in the hydro-

dynamic equation is generally considered the most important non-linear term we

will incorporate this into our original Euler ’s field equation. The term becomes

a driving term for the “particle ” equation (10) in the enclosed preprint.

Theory

We begin by considering the displacement of a fluid element from its equili—

brium position z0 in a hydrostatic background atmosp
here. We will neglect all

variations along the horizontal plane. If we assume that the displaced fluid element

is adiabatically compressed by the surrounding background atmosphere, we may write:

Li
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p0(z) — P0(z0) ISP
p ( z) = p0(z0) + = p0(z0) + —

~~~

. 

(1)

~~: p(z)  = p0(z)

We may now substitute (1) into the Euler equation

Dw 
— 

13p
— -— r- - g  (2)

when w is the vertical velocity field of the fluid.

r - If we expand p0(z) in (1) about z0 in Taylor Series, we obtain :

apo
ISp= p0(z) - p

0
(z
0) ~~ 

~~

— 

~~0 

(z — z0) = - gp0(z — z0)

In first order (z - z
0

) ,  we may hence write,

[P0 Czo + -
~n~

’ 
~~~~~~ ~0~

1 r~ 
- - 

~ 21 r~~i 
+ 

~2

L cJ  L PCJ L J~ o 3z

2
5 

~~~~~ o ~P ~~o _ _  (z-z)p 3z 2 2  3z p 2 o
o z p c z o3z z

o 0 0 0

3p 2 3p
= ! ._2. - ~~~~~ (z-z) -

~~~~~~ ~~~ (zz)
- p a z  2 0 p 3z 0

o z c 0 Zo o

r 3~ 21
= ~~~ —s - I ~~ —s + ~~

— (z - z )
p 3z i p  3z 2 o
o z I 0 C

0 L. S 

3p 2~~~
Hence , - !2. - g I—i ~~~ + 2-. I (z - z )

p az LP0 3Z c
2
J 

- 
°

We may write

S 

2~!’L + (A)
5 (z) (z-z ) = 0 (3)

- - _~~ . ~~ _ _ _ _ _  -— . _  _ _  . — .
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where

2 r g 3p 0 g2
wb = - I —

L. P 0 3z c —

is the usual definition for the Brunt frequency .

• We may now transform equation (3) into a “particle” equation by substituting

the trajectory z = z(t) into equation ( 3 ) .

D w ( z ( t ) , t) 
-

Dt

The f inal  “particle” equation becomes:

d2 2— (z — z0) + w (z ) (z — z ) = 0 . (4)
dt

2 B o o

This is just the equation for the Brunt osc illation of a small fluid element

about z0. Normally equation (4) is derived with the assumption that the fluid is

contained in a weightless , flaccid , thermal insulating bag . Such a derivation essen-

$ tially assume a “particle” picture right from the beginning. We have formulated the

problem and derived equation(4) from a field picture . This will allow us to generalize

much more easily to the case when the background is no longer a simple hydrostatic

atmosphere .

We shall now consider the case when the background consists of a linearized

Hine ’s type of gravity wave propagating in an isothermal atmosphere . A fluid element

in equilibrium wi th the background will  no longer be stationary but will describe a

- simple harmonic trajectory given by:

Uz
z(t ,z0) = sin ut (5)

where U is the amplitude of the gravity wave velocity field at z .z0
Once again we assume that if a fluid element is displaced from its equi l ibrium,

it will be adiabatically compressed by the surrounding background which now consists

of both the hydrostatic atmosphere and the gravi ty  wave . Thus , we may write in place

‘ 
~~~~ . of equation (1)

— ---- 5- - - ---- --— -S- S--~~~- . 5 — -~~~~ -- ---— 5 5 - --- -- -
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PB ( z) _ P
B (z o ) ISPB

p ( z ,t) = P B (z O ( t ) )  + 2 
= 

~B + 2c C (6)

p(z,t) = PB G ~
tfl 

S

where

p B~~~
,t) = p (z)  + AP G (z , t)

= p0 (z ) +

and AP G and are the gravity wave density and pressure.

Since long period gravity waves generally have very long horizontal wave length ,

we shall agai n assume horizontal stratification and write the Euler equation as: 
- 

-
~

Dw l 3 p  (8)
Dt 

— p 3 z  g .

I’ Substituting equation (6) into ( 7 )  we obtain:

1 1
6
~B ~— + g  (9)

C

r l  1 6
~B 1

= L~ 
- 

~ ‘B ~ 

-

~~

— + g. S

(p3 + 2 )

Neglecting quadratic terms in 
~~B ’ we obtain

.L~~~~ ÷ g ~~~[L ~~~~~~~~~ ~~~ . (10)

By making Taylor ’s series expansion about Z
G~ 

neglecting second order terms

in 
~~ G ’ ~~ G ’ ( z - z G ) and using the following hydrostatic and gravity wave equations ,

ap S

0
Z (11)

1 
~~~~~ 

gAPe 3U

• 
p 3 z = - p0 

- 

3t

k we obtain

A - - ~~~~~~~~~~~~~~~~ _ :r - . -.t~--~~~,r~
,-.—- —_ - 

_ _ _ 5S55 5 
- -



27

1 3
~ B g 3p 3 3U

— i— + g ‘~‘~ - — -
~~— (z - z

~
) - - 

2 
(z - zG) . (12)

B B z z c

Substituting equation (11) in equation (7)  and transform the resulting field

equations into a particle equation by letting z = z (t ) , we obtain:

S 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (13)

we may write (13) as:

— + w ( z _ z
G ) = 0 (14)

S ..
where Z

G 
=

Z G

2 1 3
~B 

g 2~
H ~[P B 3z 

+ 2 1 ~ 
WB ( l + K X  sin [ w ( t - t )  _ K

Z (z G
_ z

O ) J }  (15)

where X
0

= Brunt frequency at

Equation (14 ) is similar to equation(4) except ZG replaces z and u B replaces

~~~ Equation 914) is a Hills type of equation with w the gravity wave frequency as

the fundamental frequency for parametric excitation .

In deriving equation ( 14) ,  we have assumed the Hines ’ linearized approximation ,

3(APG)
az

• 
where Uz is the Hines gravity wave velocity. According to Hines (1960) , the most

± + +
important non-linear effects arise from the velocity gradient terms (U V)U which

is neglected in the above approximation. A more accurate equation would then be

given by:

3(t~P ) 3U DUG z z
+ ~~~~ = - - (U~ )u  = -

~
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where and are no longer the Hines ’ solution but each must now contain

some correction terms.

Equation (14) would now be replaced by:

2
d (z—z

dt
2 

~ + 
~H

2 (z
G
) (z — zG) = — 

;~~ 

2 (16)

The solutions to equation (16) and other discussions are given in the enclosed

preprint (Than et al (1976)).

With the time dependent frequency uB given by equation (15), it can be shown

(Hodges (1967)) that so long as K x  < 1 instability will not occur and Richardson ’s S

number R . will always be greater than 4 . Actually , we are in fact quite safe since

Hines (1974) has shown that even the usual lower limit for stability given by R.~~~~

is somewhat conservative.

As shown in Fig. 3 and 4 in the enclosed preprint (Than et al (1976)), “self-

S excitation” can occur even in the presence of considerable viscous damping . The

energy for the excitation of the natural oscillations is actually fed in from the

gravity waves.

•

_ _ _ _
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FIGURE LEGENDS

Fig. 1. Temperature profiles for the Summer Season with exospheric temperature

- 
S ranging from 600°K to 2200°K .

S 

Fig. 2. “Potentials” for long period gravity wave and an exospheric temperature

of 6000K. The dashed curve is for the Sununer while the solid curve is

-: for Winter.

• Fig. 3. “Potentials” for long period gravity wave and an exospheric temperature

of l800°K. The dashed and solid curves are for the Summer and Winter

Seasons respectively.

S 
Fig. 4. “Potentials” for long period gravity wave and an exospheric temperature

of 2200°K. The dashed and solid curves are for Summer and Winter Seasons

respectively.

Fig. 5. “Potential” for a gravity wave with a 2-hour period and an exospheric

S temperature of l500°K. The figure also shows the two resonance states

corresponding to = 10.43 sec2/km2 (v
h 

= 309.7 m/sec) and

= 14.33 sec
2/km2 (v~~~ = 264.2 m/sec). These two states are the only

S guided or partially guided modes this “potential” will permit.

Fig. 6. Plot of phase shift as a function of the eigenvalue The phase shift

goes through a very sharp change of ~ ratians at = 10.43 sec
2/km2 and

• 2 214.33 sec /km

Fig. 7. Plot of the eigenfunction for the Lamb (S
1) mode.

Fig. 8. Plot of the eigenfunc~~ion 
~ 2 for the S2 mode.

A ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



31

Fig. 9a. Analytic temperature profile with a very sharp temperature drop at

the base of the thermosphere.

Fig. 9b. The “potential” for the temperature profile of Fig. 9a showing a

S potential well with a minimum at about 140 Kin.

Fig. 10. Gravity wave with a two-hour period and a horizontal phase velocity

of 707 rn/sec.

Fig. 11. F-region gravity wave being ducted by the earth ’s curvature. The 
S

strong forward tilt of the phase front is also shown in the figure.

• Fig. 12. Comparison of different gravity wave states showing the S
1 

and S
2 

partially

guided modes as well as the “free ” gravity wave modes. (1) is the F-

region mode with a horizontal phase velocity of 707.1 in/sec while (2)

is a lower altitude “free ” mode with a horizontal phase velocity of

213.2 rn/sec.

Fig. 13. “Potential” for a gravity wave with only a 7.5 m m .  period.
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“ON GRAVITY-WAVE INDUCED NATURAL OSCILLATIONS ”

Abstract:

Airglow oscillations (mostly 5577 ~ oxygen emission) which show a

small period (8-14 mm .) oscillation superimposed on a long period cscil—

lation (several hours) have frequently been observed. Some data shows that

the short period oscillation is “excited” by the long period oscillation as

the latter increases ir : amu1it’jdc~. The effects often occur in the absence

of impulsive energy sources. ~~ propose a model in w h i c h  the short period

oscillation is re lat ive ly  loca]ize l ari d is associated ;;ith tb~ • r~~ura~

(Brunt--Vaisala) oscil lation of the atnosphere. This oscil 1at io~ is trigger-

ed off by a long period g rav i ty  ~:avc through n o n - l i n e a r  coupl ing .

a 

-~~~~~~ 
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Introduction: 

S

There exists a considerable body of airglow data showing a small (6-14 mm .)

period oscillation superimposed over a long period oscillation of the order of hours .

Based on assuming an inviscid , lossless and isothermal atmosphere , theoretical

- calculations have shown that an impulsive energy source such as , for instance , a

bomb explosion can produce at far distances (say of the order of thousands of kilo-

- 

5 meters) a long period grw.’ity v~,ve together with a short—period acoustic frequency

wave (Row, 1967, Liu and Yeh , 1971). However , the result requires the short period

acoustic frequency wave to arrive first followed by the long period wave.

Much of the airglcw datn r ientionod in the f i r st paragraph are not related to

any known impulsive oneru; rourccs .  Furt-herinore, some of the data appears to shcw

that the short-period oscillation actually follows rather than procedes the arrival

of the long-period oscillation and is slowly excited as the long period oscillation

increases in :~mj.litudc .

We propose to ():~ ff’-J no a iu~-~i3el (Tuan et a l . ,  1975) in which we consider the

short—per i.od oncil1~iticn to bc• local and to be associated with the natural Brunt-

Vaicala oscilL-~ticsn of the aU’o:Fher~~. The long period osci l la t ion wil l  b~: assumed

* to be a gravity wave v i i i ch  m iy 1~- ’ g~ r ier ated a long dis tance away . The non- l inear  S

part  of the grav i ty  way ’:’ ser v & - s as a f o r c ing  ter i~i which couples the B—V osc i l l a t ion

with the grav i ty  wave . In tb~ Ii,r ;it of small oscil lat ion ampli tudes , the g rav i ty

wave beconys lin~ ar  and we hav essentially da~-pe d simple  harmonic motion.  As th~

ampli tude of tee gravity w ay ’  i ncr :~~~es , departure fr crn l inear behaviour  occurs.

If the amplitude of th gravity wave increases just slightly beyond a certain value ,

the iion—linea r term h e c - ”r ~es strong enough to excite natural oscillation and we have

a superposition of both the n at u ra l  osci l lat ioa  and th~ gravity wave oscillation .

Summary of Obs:rv ~~i R ~- ’ : 1 t n :  -

A typical s u p c r j ’ a - - i t i n ~ i of a small period (~ 8—10 mm .)  osc i l la t ion  su F c r i m —

• posed over a lon~ per iod oscil~ a L ia n  fo~~ thE 5577 01 is shown in 1-ig .  I (Okuda , 

5- -~~~~~ --S—~~~~~—- --~~~~~~~~~~~~~~~~~~~ - — -5- —
~~~~~~~~

-S --5
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1975) . The data is taken at Sendai i.n January 1966.

Fig. 2(a) (Okuda , (1962), Silverman (1962) )  shows the interesting case where

the long period oscillation increases in intensity producing the “self excitation” S

in the short period osci l lat ion.  To a much lesser extent, the Oct. 28—29 (1961)

result of Fig. 2 ( b )  also shows this  e f f e c t .  By contrast , on a relat ively calm

day (Oct . 2 1—22)  there is relat ively much less oscillation . The very gradual nature

of the introduction of thE short period oscil lat ion which essential ly follows rather

than precedes the long per iod one seems to suggest that the excitation is local and

most certainly not i:zipuis~ ve .

Theory :

In the absence of ‘Jr~ vity waves , a vertical displacement of a fluid element will

immediately bring about a rcstorinq buoyancy force. For small displacements , neglec-

ting viscosity ,  sinc~le 1, -u:I,ollic !,,oLism is pioducod . It is given by:

2

S 

____ .
~~~2~ + w~~~( z

0
) (z - Z )  (1) 

-

2 r 1 dp 0 g ( 1-_] ) g 2
where ~~~~ -g 

2~~ 

— + g —
i

-—

L ~ 0 cj c~ 
c 

S

= p ( z )  is the 1:IcI c~y~ f -o’J~. d density

z0 the position at which the f l ui l clcn:- .it i is in equi l ibr ium wi th

the bacJ•c oe ”~ -

Equation (1) may b~ obtained directly from the Euler equation if we assume

P (z) — P (z
• 0 0 0p ( z )  = p (z ) + -—

~~~~~~~~~~
--

~~
—--

~~~~~~~~~~~
-- (2)

P ( z )  = P0 (z)  background pressure (3)

Equation (2 )  gives tha -  deri~~i ty  of the f l u i d  elcmnnt  when it is displaced slightly

from to z and a d iab a t i c a l l y  compressed by the background pressure c ha n ce .

In the presence of a g rav i t y  wave , we ma j  assume t hat  the back ground ccv con-

sists  of both an i so therma l hy th o~~t :a tic  a t i na :;p t e : r  and the g rav i ty  wave . Th u r ,



~~ S ’ 5 5~~~~~~~~~~~~~~~~ 
_ _ _5 5 ~~~~~~~~~~ -~~

we may write

PB(z,t) = P0(z)  + 
~
PG

(z ,t) (4)

p B~~~~
1 t) p0 (z) + 

G~~
,t) (5)

where and are the gravity wave pressure and density . If a fluid element

is displaced from zG(t) to z, its density becomes:

S PB (z)  _ P
B (z G

) 
S

p (z , t) = PB
(Z

G (t fl + — 

2 
(6)

C

P (z ,t) = PB(zG(t))

where Z
G = zG (t ,zo

) is the trajectory of the fluid element if it remains in equili—

brium with the background. Substituting equation (4), (5) , (6) and (7) into the Euler

equation , we obtain, after suitable expansion, the following : S

2d (z-z

dt 2 
+ H (zG) (z — z

0
) = 0 (8)

where

2 1 1 aP~ g
0

H 
(zG) = —  +

3z c -

“
~ 
0B 

{1+k
~
x
0 sin [w(t-t) 

— k(zG
_ z)]} (9)

In equation (9) , k is the vertical wave number , ZG = X0 sin ot and X0 is the arnpli-

* 

tude of the gravity wave oscillation. It is easy to show that °H given by equation
2k21iT0

(9) is identical to the expression given by Hodges (1967) for 
g 

>> 1. We will

• consider for the rest of this paper the special case where k
~ X0 

< 1. This means

that the Richardson ’s number will always be greater than 1/2 so that instability

will not occur, (Hodges, 1967).

In deriving equation (8) we have assumed the Hines ’ linearized approximation, 
S

3 (AP 0) ~U
+ gAp

0
-~~-~--

where is the Hines gravity wave velocity.

According to Hines (1960), the most important non-linear effects arise from
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P the velocity gradient term (t~t . which is neglected in the above approxitnatios

A more accurate equation would thus be given by :

DU
- -  G z ÷ z

+ g = - (u~ V)U = -

where AP
0 
and Ap

0 
are no longer the Hines ’ solution but each must now contain

some correction terms .

Equation (8) would now be replaced by:

2d (z—zC 2 + ÷  g • 2
2 + 0

H 
(z
G
) (z — zG ) = (U V ) U

~ 
= — m (z0) (10)

dt c S

Equation (10) reduces to equation (8) for small gravity wave amplitudes. We would

like to emphasize that while we have not specifically included viscosity effects —

in our discussion , we did include them phenomenologically in our calculations.

* They are not important and serve merely to damp out natural oscillations arising

from transients . We shall leave them together with a more complete derivation of

equation (10) for later.

Results:

Figures (3) and (4) are the theoretical results. We have assumed a Brunt

Period of 4.9 minutes and an isothermal background atmosphere . Figure (3) shows

what happens after the transients have been damped out by viscosity. The amplitud~

X0 of the gravity wave is 1.58 Km. Even with this much amplitude, the Richardson ’~a
number is still greater than 1/2 so instability will not occur . However , some

signi f icant  “self—excitation” of the natural oscillation due to the non—linear for~

ing term occur. The period of such oscillations is of the order of 5 minutes

close enough to the B-V oscillation.

Figure (4) shows what happens when we use heavy viscous damping . In general

viscous damping depends on the size of the displaced fluid element. The smaller

the f lu id  clement, the greater the damping effect becomes. In Fig. (4) we see that

- - - - - - -5-- — --_ _~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~5-S
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the transient effects are damped out in about one cycle and the “self excitation”

begins after about 3 cycles of the gravity wave.

S

. 

Discussion

While we do not claim that the superposition of a small period oscillation of

the order of B-V frequency and a longer period gravity wave oscillation is always

caused by non—linear coupling, the general shape of the oscillation curves and the

manner in which the natural oscillation is excited do suggest that this may well

be a plausible mechanism. We wish to emphasize that it is not surprising that

“self excitation” can occur since equation (8) which is rigorously derived is

essentially a Hills type of equation whose solution can be unstable. In fact, any

disturbance introduced into equation (8) would produce natural oscillations which

amplify with time and is only prevented from rapid increase by viscous damping.

The energy is fed into the natural oscillation from the gravity wave. Unlike

equation (8) ,  the derivation of equation (10) involves a number of assumptions and

must hence be considered as semi-phenomenological. All we wish to show here is

) > 5 4 ~
that a (U V)U type of non-linearity is sufficient to generate natural oscilla—

tions even when Richardson ’s number is still relatively large.

a

- - 5- ~~~— - -- 5-—-5 5”- -S— --— 5 -55--
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Figure Captions

Figure 1: The 5577 01 emission is plotted against local time . The data

is taken at Sendai by Okuda.

Figure 2: (a) This plot of 5577 01 emission provides a good example showing

how a small period oscillation may be slowly excited by the long

period gravity wave . (b) This shows a similar but less obvious

self excitation at Sacremento Peak . A comparison is also made with

a quiet day .

S Figure 3: A small amplitude gravity wave with a one hour period is shown oscil-

lating about 95 km. The wave approaches a sinusoidal shape for small

enough amplitudes . The natural oscillation is damped out since for

small amplitudes equation (10) reduces to equation (8).

Figure 4: Gravity wave with a period of one hour but with 10 times the damping

(a much smaller f lu id  element) is shown in Fi g. 4.  The t ransient

natural oscillation is damped out after one hour . Self excitation

of natural oscillation began after 3 hours with much less oscillation

amplitude than shown in Fig.  3. The present example is an extreme

case.
• 
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While the :;‘~~er~~- -;:nta1 obscrvations of air~ Jcv i _ f l t L  .~r ity  flucte’iticns

- er- d his possiH e Co ;t: :-~~: vi~ h h I D  kr-i a L~~€ -.~ in: . ‘c• L v  r a Cy  invcst l { ate:

S very little attention hss bc-en gi’ies to a ocr t ral  an J,vsis  of such ioa

ospker’i~~ c t l st u . : ,anccs oc ~~ir ~~Jo v .  a t~~, , : .  
~~~~~~ 

er y r a;;ocfJi.c~ hi.y c:-:.’.nin. tk~~

ef fec t  of an atnos; her - -ic r’d~~1’ v-a -: ca Ike ~~(‘t 01 m l  t~~ : 52C C )

emissi~~-; i: . mi -2 - -J:t i, ,~~r -:. . 1,-hh l  ml t h e . . - t h - - t  f r r  H 303 ~ 01, if va

a tr- Lr , .e i r c n - 2 u  Va C’ fc-i- ~ko 2 s-: :.b l- = : :. ps i - S . S .  -in ;: rs vail as a gr-a\’ilv

w i s e -  WJ 2i 1 a i se:c- i oh a , - ..;t~~Iy 2 t ia r a , t ’: a1c- ’e~: f2 ’~~ia-:~ ’~ .:-- ;n in

2n  C r , r~~, - tc, t ;:h , L - , it ’~ c. ’’  a~~ r~ 2 , :~:a i- - 21 as n-i rh t :-

1 ec c e i- ,r r: :: .5 - : , u ~~ -:~~ - Ci Jtians iii t I r c -  :1: , -:-: 1 - : ‘ . . , ‘~ 
:- :e -

a

‘-
5’   

5- 5~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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‘
S Introduction

-. An association of airglo-:-; intensity variations with traveling ionosnhcr!c
S 

disturbances has b r a n  ertab-li shad by Darbien (l96~~, 1955) for the 020-3 01

emission , cad by We ill and Ch :r i stoaha-Glaur- e ( 1037) for both the 6300 01 ar~i

5200 kI c r:leai_oa:; by a ~iy~-ca cennari: rat of the  two types  of neasureaar .t s.

In addition , sc~~s ibl inbed data (Si lvr r r aie , 1962; Okud a, 1562; Dachs , 1533)

can , in retr naeect, he react as kavinp be - a probably due to similar causes.

The data of Laahs inclu-3s c-L:c-i-~.’ationr on both 5577 ~ 01 and 6 300 CI as well

as of thu =t oac-sp ker~.c parar e’rers foF2 are 2 hv F2 , and are thus F i t ~ Cu~~ rli

valuab le far ans1~~:i.s from the point of v c~--: of a possible wave cc i-hir ~ of the

vn~iatioen. Disturhanees in airglow can , of course , cr_se from a vaniney of

cau ses , and :;~~. u1t-:::’::oae r:. ’-csurui :ants of o t n C L  ener’s-Lors are ::,~c-dc-d to e~~ abhi

t±i a can — -_~ c’~ a dist u r ba nce .

Over the çc.: t few y e a r s  considerable theoraLical  and c- : -:r-i-:r~ :
-,tsl ~.‘en- ,

heir ; b-lea carried out  c-n tb-c effects  of atmospheric F T~;.’1ty naves cci ica,e.’ her ic

p r r ;::U e~ - r .  The c f i e ct s  c f  thas- : waves on optical. e :1eci5-ean , c- -;ev~ r ,

ne  ntt-:a Lion from a t’ncoretical i c;-3re1; . . A t a b L e  an a lyt i c  r

for s u n i t  a urcatnecit has i c on  ~ r e sen t ed  r r - crn t l -/  by r crt -:e’ and Tuan (10 ) .  S

This mod-e l  Lee the  ress-onse of the F—layer to ~ r i vi ty  ;-.nv es  di calera f un d am e n ta l .].’,’
.

from tho u-ev~~l trier -tical treatment in several re:r-rrtr . Of these  -the  rrer -c S

p a - : i c i o n: l ’cn cit-j~l cn applications are : (1) The an-a L-tic model is fully t i n e —

Ca-c r a a ”at cI :;e-ah a is th~~t :L’-’ n e m a L  ::e~~’ m - e : t ~~.-J ~r~~-L t’:

5~~ .a , cc. . ~o- ice.: _ - ci cc-.. :1~ cLrcri ~~r~:.:i~ o.~~cI.L1-:t: e r a  is ;:- ~ i onf ~r e  in ge n e r al

sin’:soi ’O il and the tin s Lehetsior varie.~ w i _ n h  h c ,H ht .  This makes it  mer e suitacie

-

~ 

-— --
~~~~~~~~~~~
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B—4

for studying both the general decay of the F-layer and airgiow at night as well

- -

. 
as such detailed behavior as differences in phase between the oscill::tiocis of

electron density and the airgiow . (2) The analytic model r-cnoins valid even if

S 
the percentage oscilla tions in the electron density or air~ is;-: is 2.ar~ -e compare-I

with aobirr , t values. This is especiolly impor t an t for tb-a 6300 01 emissic:;

whose lumenosety p.’-cflle j cobs at a posit ion.  (about one scale heinh’e b-c-icr-i F2

F 

peak ) where  tb-c eL-c Leon d en s i t y  mmci r a r h ior: oscillations are rather l~~~5.e.

In this paper  .o t i e -at  cat i ln a the coaputation for the 6300 CI emi s sion

intcnr~~ty d r : ~J.n~. L i r e  pmc: ;-e~~-e ~~F a ~ s-:vity r ave.  For lcn~, yccalod gravity ;a;v-: z

the ccntlci:- :Ly ocu ;: ta.am from ;rha cn  the emission luticiolty of tb-s ~~~~ oi cc.n

be calculated raduc ru to tint qu -:i. ecui l ibi- iurc  theories  of feterson , V’n Hair:

and Iior tc -n (b oo ) , in which t i r e  prod:.~otion of the cacited  0( 10) s ta tes  i.s a s s u m e d

• to equal -the loss -Lhrocc’b n -s tied  e::- Ission cmii c c - _r~chi r r ~~. Cement-i nc-n of eke

thtroir ’it era ] ~1 v caicerd a toil clnirt ~ e:; in both electron density acid lu;:,i sc- s ity pr-c --

files will e-ere’c to brL-p oat the e rsa nt i mi  feaLures of the cheery .

s-ic- shall ne;-.c cam -ill -e t he  t in-a behavior of tb :- toed c l eaLe~ n con cen t  as

compared w i t h  the air~ lon- oscillations. It will b0 she:-:: t h a t  the total clect: :ra

content she -ru  less csc i l l r t c ’n y  LaLevior , and that only by plottinf the tIme-

derivative of the total elcctcan content Can the c.eciiL-tic::s he more sig:r if i :on t .
.

Ho.-:ev.-l r , sr -o . k f luctuat ions  era detootaltie (Du ’zic  &nd dePose , 1255). i’h~ r ed- ia-al

c o i l L c L i ~ar in the Leech olLJctrOn con-ton:, ec-ucled ciit ie eLi isrg-i c-tied e’: iuai- -:a

oscillc~ or’ , — u.., th c cc’- ~l, ‘~ 
‘-“al - ~. h o—’ c _ -‘ 

* 
H 1  1— ~

-

:s~, t o e : - .. ~~‘n: -,- n ;, -n’ s c :  _ e C L L  ~~. i re  I. :. p-scc1u2~ e y sues ~-en sr r -ourc- : s s c a

as particle ~ o r t 5 - -~~p e t i o n .

_ _ _  _ _ _  
_
~~~~~~

- 5 - - -
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We will then consider the effect c-f a gravi ty  wave on the 5230 ~ I em iss ion

intensity. Here n e  can no longer use the ec ju i litn iurc  theory that we har e been

-

• - using for the 6300 ~ line , since , at least at hi girer al t i tudes, the production

of N ( 2D) states can no lon ger be Lilaccird by e i th e r  the  radiative loss c-n the

quenching. V-a will also consider  the im ;-ortan-cn- of e lect ron  cu ;i ch img,  ‘--chick is

not signif icant for the GHO CI l ine , but , cis u-a skeill see , is reach i rate

important for the nitrepen lies.

The theory d e rive d  here wi l l  than  ho en d  i-ar - the d i n-~~pr-~tc  L i e n  of the exp ce -

m a ted result:; of Decks ( 1108) ~t sui-.crh , f o i i h  h-e m t ~
‘
, dm1-ca. H r-m e inc lude  a]  s -cl—

tarreous T , ee rmu ’2~ meda ts  of foF2 , h t F 2 , and the a l - - g e :  i a n - -Lit ’,’ ve11 ’ 0tLo:15 wi th  t i m ,

thus allo:-; e for a test  of both aspects c--f th a  r d

I’iiially~ rca shall also stady the e~ : at of v -- ;ir-~ th e  querr ci: ind :r3Les cm th e

* 1d:ase of the o:-~~i1l ations. W will ca r r e L-n -  a lL . - y i c ~~a d i ff er oace  in r i la tion  to

the e f f e c t  of other  ieec.hnr iSi . i  r :11Lch co~ e l s e  cause a ene d i f . r :-v- -- n -ce .

. 
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Time behavior of electron densi ty  :m .i 6 2al-5 01 1cr’ L ’ s i c ’,’ ~-ra :hfl -:rs

Theoretacal tre atrnsz s of the  t-d ~~C Ci e r e r s  - m tab .- r ig  a r c o sr r t  of da~ recant

factors and ca1ce,~~er ic-~ various ~-ce~s:-etce5 a i r ’ a’.’.-i l -akle  f a r - rn  a n u t  ~ r’ of

authors (see , for esa ple , C}, ar ’ l-:m~ fl , 10-50 ; k-n -: . , 12-ad 1cr  cad Lil;’se-norr , 10- 12:

Lagos , l96~~; Peters on , \T ari L a d e  c m i  h a e - : - , 10 - dO ; end Tuen , 15 0 - 0 - ) .  The

following treatment leans mss’t heavily cm the roil- , of P~ctcrrc oa, Vim k -andt and 
—

Norton.

We make the fobboi , l edh  as rap t i cos :  (fe . L h - - - ’.v ~u se i~H : .  L i e n  e e c

Vcn Z~ndt and al-eta:1 id eS); (1) the time di~ - ’:veti-, fain, in ak-a eorr -ti::ui ey

equation for the density of cmyp: - n at es.m; ic r h o :  - Q( l p )  t o t s -s nay be n-ef loceed;

(2) the djffcsi-a-r; term is n-z~~ioe-o ; ~ad ( ) cc c - ~m - n  : oh -. : :L:~ .J cm u i iL--r - i r am for ii. - -

production c:lt-d loss of 0 2 aolecuL-~ ems r- -- -:- L;. as rn-~~l c - s t h m g  L I m e  02
± end

in the cqu-ed t i c .- ml for chearge ireuts-etli. :y. b’s L- i: -t-~ - -in the fol l - ; - i r h  we l l  br e- - .n

e > s r o m : . is-n for the volume cr -r ise  j i m  to c ~~~~. fe ’- - c S3~ C- /~ l ie - ,- Ln- -_

-

I 

~~~ ~ ~ 0~~ N
C 630 0 (c- ,t )  — n ~~~~~~~~~~~~~~~ —--‘ 

3
D ) 1 +~~~———(C [i~~j -

~~ L:: ) (1)
J. ~ 2 L

where rj is the cmfficeLc~ic for ieee- L a - :  alom , 2: ;  L , O  rate  cos hhi - s i n r m t  hr .’ ch im p-c

tranefar b etw een  0 a~d 0
2
±
, S1 

and h 5 are t i , .  i i  Lc-~-f-n and cL-ch ine:1 cu e : : c k i m g

coefl i c ion t s  ~-espectavcl y .  °2 ~ pie -Ce L OS - c c - L e a n e r -  ef Srar : :mlc and ~-a i  cer ( r - r e n c  t a t )

could later be used in equation ( 1) .  ho;;,; - . ci’. ‘ or e  ‘the one chemica l  e n u i i i h n i : m m

orr.i cm i - , ; :rsu~ :-: ] L-- ’ . ‘:- .-:.::st -- ,a, - - I n n  
~~~~~~~~~~ 

-•: r ’ m : - i e , a ten-

(Porter and Tu-ni , l971.~), n-c o have c,~-c:d~ c
i ‘to i.: m~ n- dIn n-ca : S t e n cy  and uo- e equat i ca

(i) for’ the en-u ncle-n ante. Since our j -n i ’  ; :y ‘~r ,t c r c st  is in ,  t i re b -as ic

~~~~~~~ -~~~~~~~ - - - - - - ~~~~- - ~~~~~~~~~~~~~~~~~~~~~ --5~~~~~~~~~~~~~~ - -” - -
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dynamic re: ;pmr.e-s of nbc air-c; ] cr ’,-I to gr avi ty  waves rather therm any do t a i a ld

- -
‘ 

- behavior , we he;’,;! tul~ o r,-sp,L-cr trd the contribution from dissociative reco’binaticrr

of NO~ ( Siiv am ’sme a , 1970) cc t-:ell cc; c a s c m . d i m g  from the ‘S states in tho  p r o d u c t i s r e

of 1D s ta tes  ( h I - 1 : - t l .  ~~ cI C~-, .  “ r al , 1950-) .  We will also neg lect the t h e e  v e r a--

taon in 02 mn , 1 1I~ cO- .rC- m1 b~’ the gr n ’ity saves .  In reality the ecu rLice for sos- :-. 
-

neutra l  a L r ~ Li m ’.’ — eerst t ea x ics are a-rally cocpia-i to tb-a c-e~ -ed en fox the ion--

d e c -r o n  ~ 2c r -a. ho a it h i t’,’ ci i]. th r i ce  pro-teases ccc have used stat icr :ar  :; .ea d~ ,is

for- 0
2 ~ In n r c  -~ 

r ; - - , r h-c ar - C - co ; - :  m r  m r - a - r u e ;  sh o u l d  ho cord since , as elreoly

- n r a -  , uri c c -cr c cn-Li-cp-~ ‘- e r r -  :L a e L i m ,  I:. t O :  n-os -t ired gas c;s-uaed b y tho gmn ;Liy cra  .-c

is usuall y ;-c~-y  n m - e l  la--s ~ i ;em n the p e rec r mt :r ce  vetir-eatI-ar ;  for the 1on— olcc ~ rem

r i se r a , c m -  col -aly in 2 ‘r :c -tm i ;lt  m e r l e - : . ;  r e e l  -as the peak of the lun i a n m i c y  I r - o t r e c - .

~~~~; 1~ a -f r- r. a — a contro L- ;;cis- n to the osci llat ion in the  m u i r -p l c . . - a r iz -~

fr -e r d I m s :  a 2: :  - c l - :m ,t ron  da i n ty I~~ in eçuat i om ( 1) .

i c-n u t  i f  s-Cc C i t ~ l t m  t tO . - i ; t S  0- op the ‘t i c - c — d i r -  each : :. t  I;.  h e-ri - :  a C

F — d r y e r  d l : a I ;  ~,r d- e ;uo ty ( -  . c , . Tea tad and he-jincois , 1071; YJ -nn t :- r :rey - -n , 1-2 71 a

un der - p r n , - o~ I-- n-it’; ‘.:,~v~- - - mc’s- c-s r :an t ia l ly  based on p r n’;” 

Lbere: -y in cm. - - e  -tb~ ma o r  C m m  ~~- ~i s, .sm :-h r- o as assuned to he’ a station-a :;’  Cban -rai e

fu r s - fe c -  i r ,  t - • ~~~~5 m c  i t  f t i m  ~. ?f m r o , is p - :-r ee r h e rt i~~.; t r -s  r e m e a c s  tIn t Cr - d ec - sm—

dance fo r ’ th-: ~~~
I - is ,,m;-uns --j to be’ si  - :  - - h -c l the grec:-iey n-r ec-.’e Ie; si;;er :a Li

and a sr d C p i e - -~h 1m t ie r ’:’m for t ee  C c  - cad - . - et 1 f , cic ’r -rudcmnce as usenIly an-arm - - i .

T lm:r  1 e n- t y  p u s h  for ’ ttn e ; e,, ;~ — ti.n~ L-dJ0 ~ . J:: ;a occurs about acn e- scale

luo ~~- ’ t  i - n e;-; 1 - ’  ~~) 
, r

a i e (T e:jr ,~ iO 0-q ) ~-;I~~ - t j  a le  ci - ctren “ - e n m i t y  n ; - e a l l m t L - - r  c m

i - c  ~n u- ~,- - - , (Pest-er nrd ‘imo e r. , 10-~~~) . ~s C I A  nee .cp i s , for t e e  gravi ty ncav~ thet 1 .e,r .~

(1058) -sm :1:- m r-cl , the osci1 lad ~c’n in electron d-ne- i ty ~t t ini e r height would be b e c- r : - -an

L 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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20% to 25% of the indolen t  value . If we go down by another say 3/L~ of a scale

height whore the lc n c r in s-m e i t y  2 - - : ; 1 I fL  va -m y eonsidc-ralle, the oscillatic-n in

electron der ruc i ty  v ines  to oLe ~a. if: to IC C ? of its salient value , thece i n vo l i d o c L- :

any perturbat ion z r prm - ” - -n - s- i .

An analytic na -cd :1 for- -the ri - --a far:: d emon; I-h1 (z ,t )  undor ale fuf ir een co  of

a gn-avity wave bee been cl-n ;c]s-:nd (far-top ; :d T u n e , b c .  cit .  ) which  sr:-ms

appropriate for as H’s-in: - .‘e:1 c. , ; r d  ‘
, - c-slid icm C large dIsturbances. The

results are fud lp ti— - d-:~. -ca l- i re  r:~- not h-a usc- el ac e-tu dy the gea-erul decay

(incln: cl rhrg c’ ~m g- c- in e L - - c : ) oP b ath  f l -  - - I cy c o  ~.5l airpCm.: ; i n  the oh e acco of

production of eden to en- FenmclH- . n-i C c e t m i  use tIn :; nodal -to st u d y  the t i m e  van —

atica m of tie ;: 1:: ip . ]m t of thin 12 ~ 
-:‘ , --- Hç C- ;’l:s whir-li c-n-rId be dllijcu ’it to

do i i i  a pa. m u ,’ ml: :- - - - : - i cl ,, - ; C  t h c - ,’ td :.t d oimr -  ‘met alL:; 0-ca’ ices’ ,’ cL e at s-s in ;

sh~-: ’r In ti- - c ’b~~~~~ t i-er -n- ,- 1- L ’,r e .  Tm anal nm -nd-Il i- , - Ln-- : r.- mn - l- -; :c:-d C i ,  :r , ’-I ;: t2o: -~

in the t im - , --ar e a r - n - -, d -. ion , and - ‘ -e o:r 0 inet ion  ceelfi:  - r n  es (oil  cP ~-h i c I ;  cc: ;

h~ irmcr - 0 o~s. ccl n: ,i thout toe mcm l i0-flcsl L i )  e;L-~~-, it cern be shows - ti: et Ic- : : a-

for lcng p -ne - iou  L’;.v :a l  at’zcs ( d i e - , t e n -n ’  
~~~ - -  ., d t 7 2 1 :  - P~ ‘tea and ‘~‘:-~ n , l t7~~) t h e  

mt a ,yc VuP i C t ier s of: -I :se p . - - - on- L~ - o - - r i C h  ti - 
- - are snr.:nil rv’n’ nm -act Pc i - t i ;  of

the F - la ye r .  For tim e cc -- :, of lU’ h ,  p n , i e5  l c:l~ c-: m , ’t J y d i m — m a d  gr- .’~’ 1Ce ;- a\ n , do-, :

cxprnsaoe  for the clot t e e  -d c-n: :’ Li ii
~~

(z , L ) , ( - . er:t i~ n (7 ) , Pn-pt ,,r ’ m.mrl  ‘f u r s , I cc .

ci t.  ) which du l l y  ladle : ;: of: -mm - ir e clu-r to s-lilt , si-am sr- ri t m ; : ’c- lm im-:tien 1: g ~vem by

c exp~~~~f~~n-- + -
~~ c 1fJ~ ~ç~ X s- ( -~_ C 5 ) + (a )

~~ ~~~~~~~~~~~~~~ 
—

.

1 >  

-

~~~~~~~~ ~~~~~ 
,t )  1’ (p) + 

m, ,0~ —
~~~

-
~
- 1d,~ (p ,s-.t)

x (ci c ~ j  (2 )

_ .~ - - -~~ - - - ~~~~~~ - -~~~~~~~~ - --- -~~~~ - -- ~~~ -. -— - — - - -
~~~~~~~~~~~ -~~~~~~~~~~~

- --  -.-- -~~~~~~~~~~~
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where z = h—h is the difference betwe-an the actual hei ght h s-ed scrre ar b i tr ary

nne ice - ;m n cn - 0 - ti -dot I: : 11 h. a,-:c sc-ale i ’ c i n r h a :  p ic thu scale t ruiale fec-nc- ;0’  -

A
0

A
0

(p )  is a decay cement :  re t  (see !pp en d i x) .  ~n Is the engultar fncouamec 1,~ of the

gravity i s v - ;  q Cm: a r , c r c e m - -c ter  (0 < ~ <1/2) ab ide controls il:c (mat ale of Im Ps-

gravity we-n (‘oh::: q 1/2 we c-ft c In tb-:  unut ena-C ed l I S p e r -  I-lcd -: 1 (h 2 n c s , l~~~O)

B ( c )  is a coei’f J c-f - : ;rt 0-’ 0 - e n i c i : m l r. en pc -ovity n - eve and ica s-n ;- i em ic  r c : sncst c r - s

(see Aooc rm di ; - : )  ; ~ I:: cc:; If lIt lu] .  t i c - c -  g ic ’:rm :’ urn the phase of the ~~~
;- ni-cy nw1 ve

ci ,—--- - - -

13
at t = t0; a = 211 j —

~~~~ 

wh c re and are th 5  r c c o : m i : C e s . i n ;m  a . d  d ’ fum - I , -

c o c ff i c i c mt s  at h ; 0 is the angle Ps-ta me - ru tb -a n m . g a ct i c  fi eld  and ; t ,c  s--a;I ,b ;

A is tIm; ca p l i t u d e -  of the p evity n-cave at h0 ; C ~ (r ,u , t )  t~~r d  r -~ (e ,no , t )  - a

c m - s - i ]  lot i : p  fum;c t ic -o s  of t i e  che f  :mc ci in fbi ; s-~;p cndIx r’~ (o) , m ; d  c~( :)  m c

I cats--nra u-fr S s-I; cen;’~a-o] them desends-mec on the s-colic —Pci Cbt 0-ac. ce e-- e~sd ~ h’ 0--n :- Cr: g

of t ims- y i ’e~ ity ;- .~.vc r e s acca  i”ely ~n ; d ccc 0-ic ’s--a on the 1C~IpCn nI n m ;  L,1~~
11 P m - a

Lagoon-re Padynn’ r m i e i  of half  i ret ogn-a l  order .

We see at once from oc-ro tr ie :- ;  ( 2 )  tha t if we ign ore  the  c:cSt; ,l b a t n e:; 0-rn

the linflieC te sum on the n-i glut P~ n’j side , we would alec-c a Chz -r ;o:m cs -n -toc .s

1nu1t :p],~ c d h:1’ an c-:-:~-orlentia1 danp iag together with oscill0-riti cr - -n . 1- 1 :2;; is cc

would be c-xsected cheer - for the night-time situation cc; r;idces d Lore p ; - r d m m - : r l d -n;;

can be usc- la d. (W e nay easily include pr-c -;lwcrtien if rccf f n :d ) .

The 5 nf i ~~Ctc sum on the af Lit hand H 0-c of c u o u e t i c n r  ( 2 )  vu di :c ;- n: to a fr - -y

t n - m m. for a gas eitlnL ; r i er - f h r c t l y  n- .l ;cd or in d -  f-nL--e c ec c i )  C l - -f s-rn m cd  for t

constant velocity ce-;~- !itu0--; ( S n m d u -pcr :dont  of he 2 Pt ) m o m  t l ,c  g; - ,a;i p wave (q 0)

(See i~1;j- m ,d i~~). 

~~~~~- --- - 
~~~

- --- - - -



,~~~ ~~~~~~~~~~~~~~~~ 
‘ - -.— •- -~~~~~~~~~

_
~~ 

— -~

B- 10

In the case when there ire no c-revmity r ave (A 0) or when n-ne are at the

-

. 

gec-r:s-,~,:dInic pole (0 0) cv enact or  (C = 
~~~

) .  P - ( o )  = 0 (ccc i’’-r-cr .di> ’) c:d ar c  s i .: :

(1) rn-cues-s to -s-se .15  ~~ - ccc ; or an ree,d~.st - c:-,nd accscnjm~ em a a ~l- lescr m cs crs - am :;;c.

Tuon , 1973). The ~ccs-y cc::c-:en~t 10
(p) 0-ascribes the ge-moral I’—1 oy~ n’ dcc~ y in

the aLne c-nic e of di;; un-Ps -sos - arce d cs-s or-±~~.i ;; a m i l v  c;orovc:d tin-oug i; pe r l uae s-~~ Oil i,i;cc ; - :

( Tuan , 196~~) . in general X (p) lace’s-cs-cm. n-:hen s-Pc gases are is’ diffnrv; east—

iihriu :n (p 2 ) .

T I e  c-xr:ressio;; P- -c -n 1-; cclan t i e r ;  ( 2 )  c e - y i n - n -  t ime cure net pLace lr- -i ;avior

am ~cel1 as -rho P2 I — c-c- i :  n a -t i c - a , cc;; is c -sos fr-c - ;-: a cc-nemiea-i~ ~n ; n iL; ‘m~ ; L - O ~~ ’ S (l~d oPi

c r im m eu ~ asI . ic-: :; (E c-r -t er -  cr ie d Ts-.an 1972). By the  ch~~vc c ; , :~, -:-::‘ ml on fax’

110 (ie t)  in e~ r ram lo in  ( I )  i re  elm er l 1 ; ;  :inc-eity : - - 
-

- iL-c  for i a- it- s ~~. 01

si c- a; i r e  }‘J c~ . 1. li en’s- n-re i eve c’ec,: ted il: ate - I::aocp-l.- ce - rI o aa~I p r - c -  r a t , ~. , ‘~~~

pam- n-~etcre  as Lecac. ure~ d to f i t  ‘d c - .rc ’ s- ( it co )  cbnic- :-v:t .’ csc ~~~
- c - m n  fcr  ties- cmcL -,—

ims - i i f t factor for ;‘i~ich  ccc Le.s: r ue - m n  s-:~ -‘ p 1.75 in c- . 0- n’ to Imn i:, 
- t im -, th mn-am

clea n’ to d i f f u siv e -  cc c i]  21 :-i: - n-s cr5 - ni 0-ht a:n .nv fo~ ti -n F -r -c ~, $ -o: . We slmcl

asais. e t h a t  /: , = 1/130 sec~
1 (C’L.:le -; - I US , l i el ) ,  t- 3 5 x 10~~~~ cr ” sec

1

(Pete rson cad Van Pcn0 - t , 1PG9) s-nc] S2 1.7 >: 10~~ c r ’
~ r-cc~~ (0-cs-tom, i°E-~~).

In Fi g. 1, a cc:’1;arisc-n of the cL d r op  da so l ty  cr0-icc during lie at-sn-~ a of

a g: ~a’.’ity n-r evs- with  Imbe r , :s-vc:mc ’c’tn of t h c  Ca hrc - : 2 ty ~ PC : 2 c -n-- c ‘to ,c;; tb - I

(1) in gcnrs -o -at L i c e  1u::inemity profile ;oc :2;; s-Ec c~ one s - c s - I s -  lmci st  0- - - i c  -‘ H . ’.

peak as in t ime und~ tu ’h i d  t h n e — 0 - c p c a c i c n .t tbcc-e- v (Tuc ;; , 1~ C- L- ) - (2 )  c-c- c l a m e -’ t o i - ,

es the :2 en-k n,o ’~ea dc i; Irm y 20 Pa, l e n r p  ci]. ‘lie t en- -a c i -  I ron -b -  ty :o mea —

t t r0 -u , the J eer . h o : c m l s - y  p~ - -2 r n - c r am :: r c a t ’t i v s - J v  a n ; d o - a : p -  .1 I:: 
~~~~~~

- ! t 2 c n ~ 0-nt

enlmur,cie d i :m inten ity ( 2 2 0 - .  3. ( l m ) ) ,  (~ ) oneo t tec  In-n -  le ts-n , 5:; t les - ~~~ 0 - ’ — - ”  s - - ’~ :3

up again , the in t s - . a- i t y  of ie-ak i n - r I n c -t i ty  n - g . i n :  0 -r c p n  - ‘t I e  1i~0 - l~ I f s - C

- -. - --—‘- - - - - - -~~~~~~~~~~~~~~~ .- -—-~~~~ 
-

~~~~~
--- —--- -- - - - - - ~~~~~.- - . - - --- --- ---~~~~~~
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position (Fi g. 1(c)) .  If vs- I s - c l  p io t t e -d  tire lunii;c:ity wr -c-filc-c n- ;Lthout

c t ’o ’echimg ,  the :c-c :k l c a - 2 n a ; -it ’c ;-c-sld have ccvc0- a Cc acmi ( : c  rat] 0 - i n  tance (s-Lo ot

L- it..) dc-~m ;mcmn-f ‘-n-cs- s- I r e  :~ s- cat cs-ac;: 0-s- - i1. thi.s ircr.lies that the lumimo:; ‘Lty

peak is cr ;c r c r~t1; 2 i v  k s - a  s-r e 0- p i ic c n- - m s r - l f  ilnorecce in cr :c:echmnen ; at lower a l ti -tudm :

The vs- -ar c - -n t ime. 1 ~ c r -o ld  c:;iy :: c- r e  15 kr - rather f i r mer ;  ‘Limo 20 km for the P2 pee m

is due to the A-s - ri d dr-a-i ; i n  .c- , mi  ~~~ °2 fcr t I m e  t - : -o -J cc. t i -e r :  of states at

hi gl m - .:’ al t  -s f ;  - 
- w h i m . c: md s - L u  1 - s ’  s-i: ’-: i-cr:!: c-s- i r s  pc-ak dorm . Thus , the cc::—

- 
- 

Plo -m a s-mal e-ct c-f he at :1 a- : ;~ -.p -L l u c C m n - rci ts  p eel -. i c -c :: inco/ile L ; larger osceLi la—

tmion a i~ i s-he ‘.‘e: Lie-cl dire- r i- mm -

_ _  -- -~~~- ~~~~~~~~~~~~~~~~~ - -
~~~~~~~~~ - - --‘-,- .- - -~~~~~-“--.- ----- ---
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Oscil] .ot ior cj icr f o c a l  o]ec ’t n c:. cc:r t ment  s-ac] C-3 00 01

To c m h ; c , : n -t i’ -.’ s-s-tel  eS!th aal’~ ate ;  ir - -sc :;cis-y fe— c- s-Ir e 620- C- Ct n - -n i:m C-

n-n-emotiOn (1) ever l : e f : i ; t .  ‘I r m a  ;- o m - ,u it s  u:-~ tr io cs - ed  op -eL-as-  i s - C A l  at m .  m m i C ” . 2.

V- have ~ m ne~ clo:t tam ] ct: uctal cc-i’s-: nn - electreru cc -rm a - cnt as ram PP s-ne tIr -~ neat-

t i e  C- :ni’. n e t t v a  of i~~is- total e2s -ct :-o r ;  son -mr -n m . T~~o :m.:-e :recr tc r m : us --ed in

r im -r e near-.me as those ie-:-r t s -d Icr C .; g .  1. One g - -n - - r m e l f c . tu r mcr Ca; ‘l.:n- s- IC.  mm.

c s -nc r  ce dccc~ -,- ltb  ticam ’ , us c-m s-cs-ed esult ci s-cc :uo Carp --t m in -ce rr _ c f  c-c t i s- c lam :  l a m ’

j m ; ’-;c- t -eO.C 1 rm - : i - c 0 - c d .  . to n e - s - n t  si p.n i f J  c,s, t fea m tca — e is t ;t ; P i l e  s- le n - -c -  is ccne~

s - i c  mr ;r- l-m .- - .al-s -:!cr ;cL- , ,  I I : . :  i n  :Lc :  . m i : - i r - m :  C a m t c -r : a tt ] ’, s-Pc t o t c~l c - 0 - - ote am :.

co: ;L-cn-,s- n e h c - ; : m r  rc-lccci.vc-iy l i tt le  f 1 : o s - u - . :1-: . ;. ‘1::- ] -cmcl-e of i iuct eeo l r i. -c:; i rc  0-l i re

to L m nl .  c 1 - -~ -~ m c : , , cm c - s - f , m ; ; t  icr  re~.-Jily nra -i - - -tr cnndcrL3c . Y-~: art — fi r  of r i c e  0-- s- i f

a J c t - t t r ; e s i t e - c s - I - c -.. nr ie - .a e :.~ rn -n ’ : , c - c ’t c - c :  t -Lo , j s -m - - n - : c L n c. The fls-r -.tu ~~--

t i c m: -ns  c ’rc’i : - - . ~0 - c m - n  t h a -  ins::- c x ~c ar- mn- P r- 2- -t- n - s m - a ir Car:o n -- re ’ i f~ c;d e rr ; m n r : : o 1 ’a m a c c r - n

f - bc t i e r -, in  f r e e r; c-nd 0-nec -v cot : - - m ] i :-c..: m d ’ - c -cia- rce:o i’b. - in-

‘ClucLu:am Ice s rI ,; m ece ’L -cc - i n e l u l I r l i 0- ,‘ icr:-a - - ce c am- -Il i - a n  i e -  ‘c - i t hem r i - n -  us-C

$ c m , s  s-br ’: : n-md ‘cam] ,o;-n t h e  i’d -a - m b .  d .L~ ; :- , n - . -: cc-c -eli;:; c fat:  ~ i;c n-mn - ‘-a

cc -tee ] ,  as- .  i t t  i mo v - r t f a -ce i ~l , : n-  j : a c c’~r ’o: -a , tb -c  ; I - ~~e e ‘- c n ’ ] n -’ e-:; c1

F m ln m - c I’ - rm - m e ;l; ai: c- ie -r m r i a o m c I b : m m r a of . - iiay~n-. F ; - .~~~~rl 

c - I ren e  ci ricce ice-: ; r n - t i c s  r ° - s - - t i~~ 
‘
: ~y e~ l r  2 at in p -::-s:,i a : s e a t - r e

to t h a t  n , s - •~ 0 5 d m .  I- I-c Lao-’ teen- -c a:’ c:-r~ . c m tm a - . ~~~~~~~~~ r . c . a - -s

eves  r ime:: t t e  ;ra— .- .at c- -s- -a 0 -n - -ne a n t  icea ss. :~i - - I - c  i c c ,  e s - cmep  -: i is-~ c-I

- - - C ,, - - - - - - - - , ‘ I ‘‘ -. - - - — ,,  - . 
- - - - t - - - am - 

- -

l e n s  j : m s - m ; e \‘,mr i s -t  ~e - -mmm ; t~. p”~ v s - L , a s - n  L l i .

P -

-.

~

-

~

- -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -
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The colun:cs-r s-ic-plu m ;-; intensity , on the other hand , is p r c p o r c i cr m a l  to the

ion—pair  recoamlj inat icn i.f we i :cg icct quenching.  Ey integrating the con t i nu it y

eat r . s - i ,: I-os- r - P c c s - r - c  :.e c-- ce’ me a~ d m — in~ s-Pc: I- cr -a cI s - r c n P c - : i  ~s - e m r :r n c r - s-ir e ~~i r c  i i ,c

result ‘jest tl’ic - cc,]’c’m, : ’:ac’ racc ;mdei ;crt iorc ra te  is-  equal to the negative of the rats-

of chan ge of cmo iui --necc ’ eats -er s - re come ~ n-ct  since the cu r - mn -p c - a ce  term in the connir , 

c-c us-vPc:e di. ’cp~ out fr -- ca ; Caesar TIr e cc-c ‘irs-c , i f  f t c  çua;ech cng vci’c n e - e l e c t e d ,

‘an.u would er - ;peu t a t e  cmi p2 cc-c 2 :: L o n e  i ty to I en d1rr-ect1 ~’ Fnr o io~~t c-as -I . to the n’ pces -i- :~-

of the n -at e  of ul coc ic  of I ct~) s-ic c -t i ore dc. r , -m , i.~~’ . ‘0 -m is  is oPens’, -,‘crv clan- p’ ire

Fi g. 2 ir e  ehich t ies c i :  Ia m m * 1cc  -n-n- t i c - ’ ‘ Cal l e r, :  t I c s -  ne  {I C t J . \  C: of s-icc- rn-s-c c-f cat:ep-r-

o tos-at electron CO:~ cs-a t at. L -: ’e l ’ . ;i~~fl i c i’vus -s- ann- cr1-s-cafe in phe .sc f e  s-bc t-: 0-c

crl~-cte-c ;; ;s:;te:es- as c:~ es-cr-c ]. If ll ;c cpa: -  0 - : ‘ — p  t ’-ev- .. r am- -re r a cy  , L m r - t c, ti urm a p t s -m :e

(1 ’ :  c cc  ,:‘s--:- n-cliP be 1:; H s-des-ed L e t - r n  c-ne s-icc r l r - p i c o-: i-iuc tu at :u : .ne  . : m C  the  r e t - t m  of

ch -cc c.;a . C total clc-ctrc-s con-tent. In CIccrrfl ~ , ‘Li on: arc- t ,co e r - n s f  1 - 2 m pm : to

m i r e r ’oduce s - P i n - .  i s - a s - c  dir-tat e s-.~ee. (te c is t ru r ot .n ’OCI ’ m u cir ’a : cl :Can t -  ccc i c c  h er--cc- j u :. t

ac n t L - r a m- d . The other is to i:ctr — cr0-ucc sea-c ~s-csi - c c l i  - s ’ m ps -crc : -  ;. ]‘l:ic ps -i  rut u .111

Le fur ther  d ices - sr -cl  1.1 en ’.
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The 5200 ~ b ite-c-pc -n Lines -

The 5200 NI is- pn cd e -ced  s-n the  i’— rcg ic;: b y 0 - c e :  ;ams -n : at  eve  recnnl:e: r .s-s-c-n en a

r n -  .- : s n - n - - -  s- s-nc -i t :  ,- ,s:,c. -~ .i--; . e n -  - m  s - c s - n - -  c: C. T m m o: ,’ s - c m  c r .

this i C a r o  is of cpccL-l late-I--n-s-nc in-cause of s-h o ‘,‘- - - c ,‘ iC!:~ ’. I i C c - n - C a m e  c— f the i r i s - c -u  cc:

4
D
512

states. l1~ cs-n so ic-a~ -ae’ or-c tI.c- qe-. n - i - - ap r - i f  0- y - i u .e  h - s - c - r i c e , mrs -  s-r i  - m l  1 y - s - n

higher ais-i’rucica, i .cec  nr c: ;:1,i. cf c s - n  n-i cm. ] O ;.5 ccn-ncs -n- s-s-c ; ic-ce el m- n c- -amy olt cm

i - ad ico t i v s-  i s - O S .  lat ‘-no n : a t c s-  ml f f at or~ ( 1b - n , . : - P c m r n - mcd Turtle , it L IT ) , the

con tens -is-p , s -’ : - mm Cc-c : I ( ~~D) , tI er en- at f l it ,  n -  ~~ 0- - - ‘ n T i s - p  in -the - 1) :tatc is-

gC a r - im b y :

_ i t n-r iL  cm — (0- , ‘t K 0 t }
~at ) h ( ’- l ) )  (3 )

L’s- 1 1 2 j  c ;

In e s - n - c s- Ca - : ( 3 )  P i n  t i e s -  pn -cm~~mc - :- ,ms - e  lIce’ t ( t ) , i2~ ~-i , J  e n s -  ‘LLe

coc P in c i e n c o  fs-~’ 12 1 0 -  e l m s - c .  t n -u r n - :-  m e  - ctl.n- I.’,, 11
2 

2 .  t I r e -  i i , : teL- ccc r :2 s - C a :,

.- 
- D

11( 21) ) .  If c-nc pe -:1cr~~ to I s - :  s - n~~s-) :  a l s- I t e c i - : . - cml cc -c I I .e clu e -re el i ng  2 :  s-fL-  o f —  m e l y

[ s -t n -  c-a r, to L-ci ’r.c. LIm e I-r-cd’ccti. cm u; e’s-Ca-, n o -  a n n  I r s - ,-1Ca cm. tIcs- i c r - -cc 0 - c ’,-i c -en i re t ’~ .. r e mm c- d

the t i e s - u n - - p  rc ,cli’n-s to a -c o mm- al - - c c -u i  s-at I cc’s I t : m  nec-p E~:r,:cIi ,~ -n-~~1 - c e c c  cam to ; l , . m t  c-a

Fetc--rson , c-t . Ca .. ( i IT i~~) .  ror tle’s- 0 c .s-c ’, Ca s- .rc ~, s- a - air ; as :- -c:..e ‘LI -n t  air -n ’  p un -—

duction of l :( 2 D) t im e-ce-ph dics-oeCa~s-i’s-c ; ‘ cc~ .‘f rms - s - is -~r (~~f Is I -~.i n-c-s -c- i H,’ ct::1pe

transfe r h - c - s -us - c -a ac e] ‘2 
1;; h i s -  ;:c~’ t i - - n  c - n -r -0 -uc t in r ’  rat ’s- r -f :~(~~:s-) c - f et e -n

i ‘ u ln- en I ( 
~rcn-,cs- at ~~~ . ~~~ c~ C “ 0

The loss relic c-f ,t ( 2 C)  i n -  rn --pc -e s-c at  c-f l-y th e  t I n  c- tom-;: ne c-c re d

s ide  ci c-n ]ce e t i c s  ( 3 ) ,  ccrne’ n - :-csrd!: :e cc i’- -e.di,P.i’n- less , P s- -,.- a 0 -  $ :m iced rcc; ec ie i :e r -

Cs-c to r u j m a r ~’J .cn s- I c  cel L, ic::s- c- m i t t  t ; :  c-la- cs-s-c ’s- s. iH la -c e en - s - - c m n - : 0- t est ,i c- 1/26 hr

(Cat .cu.s -~ i s - i n , it~ l) ace d ‘2 = 8 ~~~ l0 cm c- scc~~ ( S e a t s -n , IC- i l - ) .  in-:’ s-he rues -
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-
~~~~~~

coefficient ii , with respect to 0
2 

dj 5 e 5 d am’c~c ~•C I.s-ve t m -Ca d  H. t l r  1. ’-: x 10

~~~ sec’
~~ (S1an~ er , c - f .  c c l . ,  197k) end K1 = 1. ’~ x 10

_ I ?  
e-

3 
n - -s - c -~~ (i1€r-:cunde--:

n- c ( ’ e’ - f - , ICa’ i l . t :.e- t ;- n vcelnr ’m : CafCer bn’ ccm :~~c. ’- - 0- -. :- c-f- ’. n - r ’~~s- f : ,a. f r  

is rcn-- :.c to be l i e r - ’ t e st  s - n r a -  cent’s - cm a - c  by ::s-s-nandc-o and Turtle coy In- es s-Ir s-

snail. c- ide ~~ am’ :ee -r , - - :, - i v c . h - r -  s--c ,m n o ; e i c a s - e s s ) .  Feuc tL-r e  (~ ) us-s-p 1.-u a t - a l p ’  —

inte~ rees -s-cI sui-~ ct tc.- e tc  iL-s-i s-i  l m- ecmsda ’ -p  c -: - r . L - c i  -an u s .  0-c c: ( 2~~)  cc ’s—

s-cc ir .~y r e e d i f y  c s- s -Ca n e : :  s - In r -  cs-f e-; c r c  c : e i s - m -  ~0- -p2 a i m m o :e, t o  Cc’s--

the ( 4S s- / s -  — ;.
/ l p

) - :~ H -  - C , - t Ic: ,1 tse ’: - C a f c~:; en - - c n-, :m a t c ’ ; c-f : 2 m m .

tie c- x -c m s m i t s 1cm . s-I- c- .::, i~ ’eH.r n- ~ -i e.d c- . n : ’,c  in FI g. 3 fur  th e  cm - n e c - h i r e p  c : m l t ic i c c t

of Pls -~~s- - - e - . a- t .~~ n i .  (3971)  c r0 -  c - h -n d;’t -c.-d car - -ce for t i m e -  c a s - C a J c i s - n t n  u n - c d  icy

he r - ,m:m s - r l m :; s- r e d  ‘I~~e L - cr (i’m G I T ) .  J ’ re:-. .- o t i ,  c l ’r - ’cc c ’ ’e I. -:v’- un -r s -d cc n - cs - Tcs -—hc-2 ’Lt ec::cars~

of p 1.71: . 0-12 . otl er 0-cavity n- ., ’-ce :~:nr-ce r: : f : m m r: cr ime s-p~el;; s-Pc: n .rce- ’ as s-P-:- ’:-~ s - m a t

to f i t  ‘~n n s -~em : ’ c- l’c:r’s-itc , ( m m - t n - n -  00,2 ‘c c : : : , icc , c i t . ) .

Th€m s - l r - -s-m: i n .  c e n f i s -  i n o - n t s -~~:c; c r c  (1) t he -  c ’ i J a H n -~c. s-n --  c 1 .c ’ ls , :.s-r 02

~u: r:cI:J: 
‘

, :re t ’ c - L-c :-;lc .a’ , cL .  cci .  (1971) mIs I-no : pcccec uu.cc d t I r s - 1~ t I : n :r s -  1° - c—

duccd l u’ the 3 c m -es ce’sacl:Ies cs--: fPJcie -mt of II: :n;:onds -r~ :sd
’mL - es - ce - s - (lIT-C- i-) , (i)

th e - c -c c  5: ; c - I C c - :  ~ ei- :-nc.cc 1; ~t1u s-i:: hI~ ,I’:cI’ c s - s - n r c 1r s-  ccmc m- ’ P ’i c Icnmf  of I - e t a -a’s 10

to 20 r:-:-ceu ’
. L s . ‘0-.- - 1-c asores icr t I , i r .  cm i i i  l;e given in a Inter secticn . (3)

s-Pc 1n - nn r Inc . r m~ ‘s-p s- I-. .Pcr L b s -n  I c .~ c~hcr p u s - c c l m i n g  cocf: i s - i c  rn - is in pe -cence ri Cr b C- e -t

20 L.a hf  Ca r ’ s- - t i e s - rn  th e  ‘r n - m e l-; for s-Icc: 1c’~-:er cocfL- :mi - :mt..

In c c : . i e c :a ;  t m .  c ; :  c~~-c1ts n : e t f l  t im -n bes-~,c- _ o~ of f : .o ~ e- ~0 ~ i:.ar , s- I e e e  c~ s-a- s-

t i me f~ 1In -m f i ’y  . e - - m ’ t , : m - s -  -
‘ 
S - e n - ’ 1~nc’n-ri : The . a t :  c r - n -n O ‘ u-e r ’s - r a n g  Cc-; s - i r s -  r. j t r c -  ‘a- ri

J r .  c s - i - r h ‘ ‘ . r -f.p ’ - ‘a cp - c - . rc - li  -s - -I s- .ce:. - : - c e e r m t t l o ; m  t - n- s-ne c’-:- :ypcra i s -n o . In

s-c: s-cc tat e-om:ffic.b :ut of Fi.::.gcc’~ et.:ei. (ii-!!), tIc~ On O s - C P n - , L  0--c-c t c-  ~. r c ;~ t t S
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for the n i tr ogen  line is clown by con --c t ies-n e~n ccde-r cf c - ac - ir i s - ado  frcn-u ties-’

quenching for o:-ryps -rc cI,ue -r to tim e cs-anti is-c d r~n-c c m t  of a na-nc,Ilc-i- C nns-- u m c d Hi; c’c -c P i l  cmiec .t

en-. y .s-: s - m me n - r a t s - s - c  ,0-er - - cc ’  s-i r . .  , e ’ n - ! : i:~ s-or 
— ~~~~~~~~ ;,~~rj !e . c- Ca’:: I _ s c -

The d i fa t i ,c,s-s- in c l—n - Cl -c e  c u cccci emi rr g is- c:rly s- in- us- a factor of 2.

The- r c lcJ .’-o m mI . v :rs- s - n -  n-n: s - n - e n s - c u t  -n’ l~ cs - n c,: c-ccs -uoi ; iue;  in m o s- Icc: a- r ife-cl ol’ leo: rCa

0 - m I C a .  t l m s -  12C0 ~ .h s - n . Jn :c ’;i iy  eCa-~ r-i r:cam the  ~v~-iIcb1e c-J, -nctr-em :n fcr (ns -m:c :- ,i r .~

n -m O m s - s - s - .- s-cs- if , -0-n F2 c s-cat , n - cel l  et c-c-: L ime  ie- : L :m s - s - i t y  s - s - r t..~ of i c s - Ir t i .s-  at-I r O

C’s-u s- n- I.

11c-e s - - n -, s -c - : :u i e  H tlm-c t :  s-l Ie’s- -n -h  ocn ~ m c ,’ at iCa ’s-t - n- n i l - ’ :: lam Ca m : s-i

H.cn--’~ to Is - n-c-L I. cat-r e  s - h -m m er-s-s-pen ~:- s-s- Ir , s-- c- net ; to a a r - - n c  lc .rn m e: ir t - - . - i r C a ’ , t b 0

l c d : - ~ - :1 r o f c_ c:’i n’ ra.ermch n-0-, et I c - cc ’  s - i s - Can - m d-- c - ; ccncpi ’r d ;;it . - . :‘l .:t ‘~~~- - s- s- -~- -n -n -

- .  - -  - - - . , .  - - -icr ‘r - f c c s -  n -n cr - s- i r s- :eg ~c s - r n n - ; ; - n - - t m . u c t m s-cr I n c  n-n-Ic; i. .l es-’n ) a n -  m c . - ;  r n - s- ,0- -c 1.m m c .  

i- ’o f d  C a C  cc ( l cn , nc ~: h O  pe .‘: - : - s i L i n C  f-am ’ s - i , rn 110-3 ~ h - cc to c :-c~ -- c - I - I c

i c c - - inn - -  cm: s- tm- - m i  Ca” s-I.e a t- -at .  I - - . Tb - i s  r o t  ic c - n - n a t -::.- - c r a t I m  c i - -: ‘ - i s - - s - c --

Vs-I 1 em-.n-- a-f ~at.11. mccc Chri c mm - c- ~--Pe-  Clan -cs - cr ’ ( l t I’c )  1:1:0 cc u-~ s- in: n-c c , ’n-un -- :~~
’c . ::~~

eIder-c ’ ’ .1 c- run tL-:.t t i c: ~ pea -P is ci oc,t 12 1-;:; s-In-eve s-i c. ( I .  
~ ;- n -  e l m  I C l iar

c-~ t - c - s -  c s- s-s - e - r m ed 7 P 2 - - as. m c d  s-rn - icc t ine -  c’ zecn ,e at tI m e - — C a m  I I a ’s - u

cm:  We rn -cay 0:1cc , or the  c-,; cc r i c e  cc a c f n - : n-b’ n a t  I i :  cc in -c s - I ,  ;- - - rm imcc c-cs - in -

at nc-s-n 2’; the mm:: am lee.~ l e t , s-he c-m :cS lI~ t ic r~ au.enl i.t s-0-~~s :- .cs- 2:1  1 a- c-m ; e m ’ s -P i e .

Pals i-ce b-C-s-’c.s- c-u t iny n --. - .u m’ -Lre p 1i 1- . 3 c-dieh i I ~.. 2.
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Ce’;.;e-m ,ric- c’n cciii: c- fmau lt n-mc-ous obsen-~’,’ e t - 5n -~~s of foF2, lc ’F2 cad 6200 DI c c ’ i : c i c - a

- ‘  La - hs-\’e rr mc - r c t s - c imed c ;c :lmn-or that sca-e ~e-s-1~ c - i : s - d  u s-t a scenes  is-he- ky to have

s- : , c .Ca- , t ~m o s-in-: c. ’ cs-  :.. :~~s- s- .. s -~ ~- ‘c s - s - s -. 1.: s - n e c  n- .cm ~~c ;’. c.c s - n -. r - e : , s- C

( i tc-3)  simu lt anec-un-c r :c:csur :sc:.efl’in of ia -nc-s -Cams -ic I’ s - s - c s - s - s - c  rs s- ca t  tine C - I c - U  .~ UI

&-: :uI: Ic:: to illustrate t i m ’ . t ir ’mar - :-p iny C it s - in .,-. t im ’; c l : ’  s - s - s - i s -  a. s- ,- f l  s - u c- s - c c  0-

ge -cs-Sty -cc.v-c .

Sacims (l I a t)  Ps-s :;:s-ie ir c t c r . : nit c  n-: ’ s - nm s - n  os - c- n -a t m c~ r I m s -  IT. ’. s-I s-at ta t  5t / 7

c i i i :  io;n 11cm-a as a C s - c  s - l e a  cc t i m e .  i n , ~ so cs -c s-m s-s-c c :-  - t a - C u - s - i s- n-’ m - ~ ‘s -p ,  m - i c , - 1—

l n-m ’n -n - , s - s - m.r s-~,e- :-e-cnents of C c i 2  s-,-,ci i’, ’ F2 c-n - :.. to s-t ec ’, c s - e e l s -  n - - a ’, l e m c c ; ’  c C a n - i c c m ,

a - O s - c  cially e’t ;:cn-c:: t im ; . 6300 ~ l i o n -  and Ca i c a u s C a m e ;  C ~ n- am. I s - n  - .  Ic ,  Fl , .

u-c- P m cc shorn a en-ps -r i  c-s-a Ps -te em :: Cn -in -’ t in - ac m- c I C c::.’ n - a - : :.cl t :c s-nd. t ’. - a-’ c -nc- , H - - em s -mr 1

m for foF2 , h i F 2  s-;cd s-Icc Oi l s -  ~ ~1s - - a-~ n- :-: . Ton the time c-n ’:- , . a- .1 ;. c

n - m e I-m s - -cs- d e s -u s - eu:  p = 1. 5 , II = 65 is-n ; , s- i.e :-ecc::I .: I n.’ct i c a :  cc: - m C a C a i c i c c : i. PCCa’O i--ic- ) =

0. 34 s-eel tl:s- 0 - i f s - u n - S a m :  ccef f lc lc :m b ( 2 0 0  Pac ) :c :-: 1O~ i s - n 2 I.. ~~. 3:. ’ s-c

ca- c-. no- . -,- ’,-s-rs-t differ-a- ic . fr-cm the p~~r ’n- - s - u - i - c c e s - - ; - s - ’ i  LO  s- i t  TI :e- m e 1 s- c-i - c c  -. e - t i e -- .1 l ’ s -  
d

con’s- 0-n- .i ue~ the Cs -c s -  that we have c ’cceaIe ce :ly i gnc:-~-s ps - c  s - c s - i c c  ~ 1O2( n - m s - c ;  ( -ic-a-

ace c-Oc ,n - t o  s- s-con l E C cO s-nt 2400 L . T .  ) s-Lc~ s-re t ’r : s - m ri gint  cafes - of

ir r agnitude .  i’cce- s- lee gravity c-mn -me , ;-:-c s-s-seine t ics -  v s - I c - -: S t r  s-c a] is -s - cl -:- i( C’O ~ )

35 .2  ici scc~~ euri d the 0 - s - m s - ping f a a - t m : -  q 0 . 4 2  r :I i.rh i :  r ut : -e n-’ d c-cc to s-Ic c Ihicec.-

(J,ITtO) and-s-rn-rn-a-cl c-odd . Ti,e quenching u’s- 200 II.: in o::u::-,0 -  to s-Cm 0.24 n - cs -
1 

aced

the c ia - s -  , n- cn o :e-ncim ir . g is n u ”Ca c -n -t e d .  The cu-escu ’ . a - C S  - s-c ;  for - n - n  ‘cc: fn-’cc.r

the is o:r: -n-.ccl to be 0.5.

In view of the c - s - t b-or fo ci  s -C rs - c m - a r m s -  l . n - t : n c e r ,  s- ’ - ’ : y  erad c- > n: m ’Ca : , I - u -  l as - i :

the airgiow ann -cf time i c rm c c ;~~i rcnic  s-rae ’s-s-or-c , cnc e cr r-:enlil y ccn c ’n-’d’; ‘,ats- e m s - n

without a totccl election sea r c . , : t  n - - a  n-ma-ut II’? I , s -V ’: ~ - H ty s-,~’.’:’

___ _____ - -~~~ ---- - -- .~~~~~ -—- -—- - ---, —-- — - ------- -~~- - — -.  --:‘— ‘
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through with a period of between 2 to 2 hours. The comparison between the

airgiow ins - c -mn - s i t ;  cad the htF2 show s-li thc- e-xc-”eta-d c-ira - s-c-- ccrrela-tioram , i .e.

u s - e r r  t) ; ’m s - n -  g on: _ n-n s- ,m os -  ‘n- .s-:. at a r. .,cm; c - c m . - s-s-es- :2 p a-s-P is epLn - - cs - -r~~r s - s - s - -J at ~
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Fifect of_~uencI:inp, s-nd the- criteria for dif ferent  dist s-r] :n-mnces

As already nent ionat  5:. a pre-micus section , quenching can cause a phase

s - i f s - s - n- - s - ca - a - ic 10-c- o r s - i i f s - m i c m ’ e  -n- nP ‘-0-r :~i:m -,l c:-r i c tu : :, : ITV .  Yls-’ . P :0-c-:-::: s -b - n -  C m - Cs -

~. UI for tn-~O ‘
~ 2 

3~~~~~0I cI1’mt  coc-iliciencts . The solid curve uses a quenchir g

- _  . -1] ~cocr r i o nt: L L
i 1.0 >: 10 - ‘ cc m s - a -  - c- riei1e ‘tics- Ca-cc,i-.cc mec :rs--’,c emm a- s = 2.7 a

],0 1 cm3 sec~~~. LI]. o’ti e-m .s- pa - s - - n - ac t s -n  s ar-c the n -s-m e s-s those used  to fit  in- s-cl: ’ mc

( 1909) cxp-~r n -n - i ’ n ’s-r ts - l a - I - n -cs- n - - s - i on s. t i m e  hi~ i~c~o oc:- -:-:cch:ng cocCu S c i a - at  a - cc  s - s  to

p rcdu c n - e  J a n - s  c-soils-. ti ens en ~‘cell as a s- ins -- n -c advance icy Ca n -as - ha l f  -n-c I . n - Cus - .

It is - ce es-cry to uinCa e- ;ecs - ;r d  c i , r m the c-- m : c S i l c c c . i c.n a-ampl it ud e  cin c— erId dc- cr- c-s - s -n -m~ n - ri m -n

the c ’ca-r ct,ia c. S.:; inr cn - s- :a- -d since a ‘r i pPer  qun-:meI:i;.c rCac c;ould c on’s- ti-em ; lu:..in-c’-

n-am i t y  n - n m ;  n- m c c  to n - -rh -mm -n- t i n - .: e l ec ts-en  d a - r m s - m i s - j  on-ellis-s-is-- a i s -  i - -e r-c . T i c S : ,  i ’s- s- inn - c

so In- c-”  s-s the cs-n- r im l-n -c iecs-i.ty c- n-. .:neu Iee.low t ime F2 pc -Can , (Yc n n - -- t enn -  a-nc] 7cm- : n~ ia-’;~~) . -

To urCa’:n-~. t . - ;m 0 - n - d y n - c c - cc n -cs-Id hs-’s-Cr a p I-e ;e. . -n-m ad s - arm s-n -  we must cn-~c: ; ici c:’ the ‘s - s - c - c. —

s -e s - i s - -n in ‘t Im - c p-Irm e s-n- of t I c s -  o1a-~cs-r cn 0 - c n n - S t y  oscillation smith rE :’~, u -c, t  to s - i _ c

rc a - - c  c : - a - ] ,  1: - s - s - St y  e ra s - a -  as a 1us-ct io:: of I n - e i ght .  Tln - s - r n -n c-lid c’s-s-we i,rc I- i ’~. 6 s-hoc: ; ;

a plot of the t in s-c -s-s --tics-], phase v anis -Imi on n -c i th o1tits-d~ n - h i  Ic s - c ,- trcmi :cd cc:- ,’ - :

s-~cc::n-. TPc-:’.. ’s ( 1968) observed 1’s-SUItS , (FIg. 6 is tabs-cr fin-ca Pen--s-er a-nd Tun ,

1q73). We see t ics -nt the ‘r ims -c -c of the electron density on -c i l lat imaen-  s-c cl’s-s-rccen- ;

:re-c. cn te’-nic,~~~c ’ c , - i ti- heig}mt . There is a rc-gion, hccrevm-r , bc-Jo:-: 2 C0 Km where  an

icon’s--n-se in the. l. -;i gin-t 01’ s-he len.ii:osity will bring little: idm s - c - cc  ciu rnnpc- . A ’s--o s-c

260 Fs-ni , any i:cc -r- s-c:.- e in t i-c e hei ght of the luminosity curve would bni:cg a rapid

~c .1’. s-ace ii. the p ins -n. e of ti -c elects-c:: drs-asmP ty o::cillccc,m io: c .  Es-s-cc t ics -ms -ph Fi g. S

deals s-is-h s-n .i;rt a--gi s - u s - c c] i c m ’a :;c : y , si nc e  the r i m s - s c  advzcc~ce S,e : - c m r o t a - : c r C c , s-ri

s- c l  sh i f t  s-f s - P r . c- rutirc ] , rcm , inccci ie s- i - n -  c m i  11-nm must mm lccmcy :m mn - - n-el ms- cc a p 0 -me ’s-

r :ci’.’n -crc e .

‘Its-c s-rriiyr;s-; c-~ m , - s - - - s -i’ c’ C  .t, c e - n - a m’ Cc c’ d i rt s-  .~p cr :  :-ic s-rr g s- n e : g fo- .u : .L’s-ctus-’c ,  cn’n cmm
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cs-’s-cs-cl lay g:s-~v.Lty n - ’ .~v c c c s - :  c- cnn- t l r c n - e  caused by i: c ’mm i clcs;t ps -n - I - i d e flux , if a

n--i n-n-mIs -I -n- r’,c eua- tn - s - m m c n n -  - - n - a i . t  cf Ic- t m ] . c u. s - s -  i~ ’CO content  s - s - m d c’irgI C.’ ins-ens-i ty con

- ‘  1— -’~ : : , d a .  Ic ’ c c -  1crs- ‘ e s - nj - a :  c, c-c’ i’c.: ccicn: ‘I s-- r c - : c c - - : , t n  s - m r s - I  s - I c  d i n s - a c ’ h s - mr,c cr ri m - cz’.nm ,mm d

~n :- ~ s-il , c s - . : , s - a- ,s- ( 0 - )  s- m n - s - C  I;. i eCam ’s-l’.- -c ,I’, .cis-tlc - t L’uc’:cc-s-jcn

S O  .l;C tO t c ,2  s-I ‘- c ’c ’ on-m c’.n -;m tc; ’ct cc’ m ir e n -n er- cs- s-cr ’ : c c m t s - . ’i s - n an ’ s - m et e r  that 0-ca -m aci s

onl y on the  ta - - s -c l .  : .c c . . Pc--  of cH u m - rc a:- elects-c::-. :‘ati n ; -  than , s-H ‘, hot-i t Ics -  s- lees-- c- : : ;

a : - s-’ dim , s- :- 1! n : t s - . s -~ ( 2 )  ‘s-he s--ems -n e of cc rs - T , ,n , n~ of ‘s -c t -c l .  c - l c c m r n - n  canin e-at simon-Id renal:.

c;H ,,n t i v e . 0 - m c i  a c ‘ -- r ; ; s - ch at Cc’s- cm- i 0- n-- c ic:s- c c m r - l i c i c n c n  a mm- i a cnn - s - mis - v  n - : , .vc i s - r e p s - i n

(s- f s- irs -  cr-Can s- erf 1500 H; .l ’ ) I s-, . -s- . c c - n - i a - c  s-I wi th tb-c .0- i  s-I c , ’ a-s of tIm s- 0 -- -L -y e r

so s-I ,s-t s-e mma-’: 1.a -s -le ct ha-n- is-m a bel t1’-n c cn - -n rL s - n - -. ; - S ’ c’ in- - c-n cc-:,-:n-’mtrm L I.’m c m n , m d i -  - s-cr

in ‘s-l.a I. c, -izoc.. c -s- i, 0-i ’s-c : i c - cc , t ic ’. ‘tOtci i, cci a m .. n- cJ. -n C i  n’:’ : cc-r u t s - — :1, m I , c : e s - J  o 0-s -ce s-s- ’T2

cmms - c - s- ’~ c- .m ’I c ’e i . I; n - m i s-h s-i; - - .  His  St  ‘ -  .n - i] ’, c : m . d e m ; s - s -u, ’ ‘ i s -  - m n - n a  t i c  c-cl’s- s--Ce.m ccC

for n i c e  l i t-s-Ic i l - s- cs-nj~~n. -.-r .s t ins - n - n  c- . 0-c p s - I  ,‘ , c t i m - .. t o n al, elects--c a s - c . r ; 1 - : m s - t  Is

0 - - ’ - mmc ’iImne ’ : .mr- i.c , h n’a iri thc :-c c m . m C n-,fl cc- . b. E,T:tS _
~~~s-,,r i - n - -s-;p - . e : n - ’ - .s--

up s-c s-i do:- ’m: ; (3 )  then - s - n -  5:; n J ~n--n-yc; n - r n - s - n .e  - m id - ,- - - : n~ - i c - ,  tI c -n -  , ; m i c’j’ ].cc: U . s - cm L ’ s - s - t i c O n c

s-i s-I: I - c s- s - C s-be to ‘s-bc ;- :-~.s-e of c :s-nj :e of s-c r i  is- c .ts- -s--s - c- n - c r b ,  at .  Pin - c. ‘. - :- I t e dc

of t h e m  advance is in pea - c s -a l  ds- Is- mci : -: - l I y ‘tlr ~ s- em s - re n- n - i a - p .  ic m Ica- s - r i m ’ I s -  cs-k

Len - c - that  if a hocaIa -ocmts-1 ‘cia-c n’ s-y ics -~ electS - a n - t n -  I l  c Ca s- - I d .  : - : . ‘ta- i i i  the  F—

cs-un In -p an ~ a h (n -n - Si t 15 s - c n n -  s- ’ :P .i c - n t  s--i s- - c t s - :m crc  s-sly s-mi thout s-c . ,-

cc-reId t s - s - s - s - s -n - oc t  s-b-  ;m s-Il three c-f s-In - c ebov ’ ~- c - m~~m c r t i l n-  is- t i m e  P s-ha ’.’ic-c of

‘s-i s- s-eLn -j .ca: s-s-cd co in -rca --n --  electron 0- :.. s-it~’ ms - - I , . n-c] s-I c~~-:o i n s - I C .  ‘b.c ’, ‘.. - s-I 0- rn -c

i c c m pc ,r bc t n - a cme , lcor: :’.’-s- n-- , if c c ’ s-he r- : s - C - i i t j c c r , s - c i, e l ’s-c ’s- s- s-n rc -  mcc c im , s - : ’ e eHn - c d  e m i I h s -~~

tIs-ran-cegim tn -rn -m n per t  or n - cc. cr n-’ :, I of p - c  i - :(tj c f l  s - - s - s - m I .  ,n - ’ I s - ’ . i’ s--c- ’ ir .n tc. ,c-s-n ’ , if t ime

d is tn u n-- L s-nma c i s - n e - s - ’oc .’ s- s-i I y ,,n m i a n - H e a n -  ; - - c - n - i s-ic ~‘1’s- :m s- : , H:; ‘c n - I a - c s - n -  : rS i i s - i crma - 1

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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ion-electron os-irs , then the rate  of change of total electron content can

- -

. 

go ~OS1’s-i\’e sii ,ce the total cmo luem ,cn - c.r a-Ic-cs- c’s-n s -c . i . a - s -n t  cs-n no lon ger vary

c a - n -. ..s-~~Cs- s- Im ,- u ,I tP, a-I.. - .. I:- ~~.: en ..2 . ,,,- . Pb - cs - a - c s -  s - i c - : ,  s-cs-n s- 1r~~ ha  far i cr -c

c’-en-es-t Ic (~lc- :’cb:rcdcs-as r:,d ‘Ps - s - ce , 1 I-7P ) .

P.s an o > r s - m . s - - l . c , s- c c n - r m , 5 ..c ’ s - b .  0-ate ci ’ I n :  n - - . r c  s-n P LI m ci p-s- r ( 1972) ‘~ho h a-c- c

n s- ;as -rec : t ic s- a - - P O D  ~ a-,i ; s - b - - s-r od s - I c  total e l e c t s - c m ’. cent s--n c  as

a fn - imr c. t i c - :c  cf  t ic  .s-~ m= -c. I ; s - .::s--, I .  11, -;: ’,’ :1-ca-:-] an n - a - c  II n - t i e r :  icc  s-ic e air-gin -n-c s - r I . . ’ Ca m

s -- n-a - n - --.,-] ates s-b n-.h o c - c i l im s- I s - s - ma -  i c e  t ic s- to t s-mci . s- 1-m c i :  s-- n - n .c c- n t - n - m t .  ~!b c lcep ; ,t .ivc  ti:.nc-

C nnr ’.’cr tl\ ’s- c’~f cmH s-n.:; :y ’ c’s-s-c s-J ’,..:c s - n can - mc :.t tc . -i i s -  ‘s-mine a m L r p ] c - mr es -Ciu is-tiOn I s -  a

s-i rs -n - delay of s-b - ; m ’ s- 0-~ r i c a - I s - .:- . We s - -mom ’ 0- l .a -vs -c at f i r s t  s--os- s-c mac - s- rn - on, to Ps - -e l .

t ic i. th is  I’s-n- a- cs-d e n’ C I c c : . u r i a a - c c  c r - .’ l - J Is - n -  c,n - u m , c i  n- y a r an -v .:  s-s - i lc c ’ ( 1) t in-n-

s-s-- p -nac’~ s-c- In s -  j m c : - n - c- dic : c - :IiIr  a i -e ~r -ics -’ o.i’ ,s- L ccn - .- 0 1/2 lee -un -c e ; ( 2 )

t h e  cIrgi,o- - ,- I in -cs -c ’  a -icc; n - I cc - c m- c  a ph . :: edvance c-f dI;ca-t 20 to P0 re i : e u im s- :: ;.‘i.tl c

.c-c s-c I t m s - m t to i’s - m e n - r- s-s-t c of ’ chs - .uc m ’e of to t s- s- I  electron cc’a- s - - e s - c t .  ba - c - c -. s-c , mit i s

rs-- s-P .r unli i - c: I  c- t i c -I . s-Ice ( j i s t mn c ’I .-nrr cn - -  i.s a wave ;nj ncc  tic s- cc-rn-ic-C is of s- Ic . c-nil m m

of 3 1/2 im ous - -n s-nc] s-ire - d l : t u n - ] a s -n c e  takes piace s-r ea cH t i n s - c  r.r. ddie of s-i .e . ni . a- b , t

n -- ICa - .s -  n -n e cs-n L’cx pot  s-Lc .n - ct  n - I a - c t c c i c r c i m c ’ c t l a -  s - n - .  Tin - c 0 -mi s s- -n  i, s-s-ca-s- also does r,o: vs-.mn.’-y

:n-mc ’im:n ical ly n - r i  s-h ~~~~ a-nd al m s - -n - s - s 1s-rpe s-n - c a - ) .] ;.t a-oci n - a p i s - t a -d o s .  We n-as -i , ’ aId

t lm.mc L condition (1) m r e-:ticned alcove can he produced by any pc- i - S . c - d i e  din -t a - c - i s - s -n c- c

s-u~d (2 )  cs-cr. I .e  - ( s - n - s-Cs- s-c]’ s - m ’s - In - i ’  a gravity n--nave or a s-cats-cal 0- r i ft c- .5 cP s-u’-m

any :m. cm r ’ cmic c - t s--c of c’s-ic s-.. ens-I. s-n h -caps -n d pc- c • n-cI . ” - . t h c c - e  m.. s , ci’ course , a

pms - -. . s - i .b i i in - .p ’  t i u e s -  we cccv n - ’ i s - a - i t m er .eoc :s-nJ.y h s - m s - u an -u a - i.€ cs-r-cmcnme n-’pmcts-c c’s-lil t s-c

OS i_ In -  s-fl Ins -  n - - s--s- ct I - - m c s -c f s-Cd I -n- i c-as-i s- i s -  Cl_ n c -a-.:. In Ca -cm : , sn -elm an -m. -e- s-n -r , t s-c-~:In- d I cm

qu i to  ccnsis-c ’:s-t ecith I ca- n- - s - i .  cxc -.n r i n - . . o c c t a l  obs -- ’nr ’-’s -et ic as- an- well ,,s our c s - i s - a - n - I

p .-

__ - ‘ - “ -  -~~ ~~—-  - -“——‘-‘-~~~~~~~
-
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Co~m c lusni c;rc

i’ s-c In --a ’. - rs-,: i :~ 0- tLc~ s-f P s - c t  of a pn -  n -s-it ’,’ n-cave in time F--re-glen on ti -n - c - I c es -r n - - ; :

cc  n, -.l s-n  a-a-c ~J.c.-:, :,a - s - m . :is-] on-’ s-s- -cs - i’c - : ’0 - - J s - 0 -~ r .  s-~~a-r , a i -Ca cc.s- ’ ; : , , a - s - -.

r :c’ . - . . ve a - C m : -. - - a -- ct ’ s -m u s - : ’m c  e,. .cmc ,I rO:c s- . c c - C ; n - U s - s -  Of such effects  as cs -errs -nc:: as-c

s- i r s - n - J r .’.’ n cc. s-n ’, ~m i ] , ;f ; .1.- ,- a- :,cl bO s - c l - c s - u I  en- at I a lt i imn -Icr c  , t im- n -  ‘-c- mt e l -  cm ;

n - c - s - mm :  c’s-’ -n - I - - c  n - n - :  . m r , ~~: I t o  f - I - o n  l i eS  5: cs-mci c-s-cc;-n-m- to the p s-ass-ge of t in-n - - p. s - s -’ .:c]’ s- :a ’.’e

is- mm : n - l  s-n - : : i t s - n ’ ’, - mm ’~. i; ;t of i_ Ice- e-J . c.c.te.m --s- s-l -a -nr :i ty  s - - m n - s - - n- 1m m . TI--c s-m s-u s-cm -n’ m_ of

C . m n-
1 c n c t  s-c rc en-f a - ins - s-ic p l c - n - c , C n - m  s-h a  - ,- b c a -j ’  h m ~ . , m m - .1 s- grea ter  ti n - c .:. tha t  c-f s- i ,c t ot s-

el d- ..s-~ - .:;c P - .;s- . :’ . - . t s -,’ s - H  I m ‘,‘ : . n - : c s  c,n -n-r,otc- ,:’cs-.tn- i,- s - -s - a - a - ic t.’m — . C” m .Pmcp to tics- ps - s - s - - zn - r o e  en ’

a s-t :c  i n ~e3.~ a s -  n - m s-li. as tic-c s - h . n-e of t in - n - :  e lectron i c s - m c a n . ty p.rofs-lc , p c . s - e c

0-nI - m - - m .c-: o in - i- s - s -m n-c- .i C r eec-u :-- 1ot s -m c c r u  s-IS :10-c c c at  a-i p lm [S. ‘P0-Is c.f s - c o t , a - n - m n  - n - m m  : a-

‘m I ll: I , - 1c~ .I .s-imt m ] J J 0 - c ’. - e - . ’n- i ,a -t i n . s- i s - c s - ’:. f ‘ cnn - - : c h in ;  ~0 - ecnc - :  p bs - mn - c d i f f ,s- n-ceccc

s -J no ;. n - - s - nm -. - m . - n - In - -n- 1,::. s-s- - s -i c,cec s- :n m h , C n : ’ C s - .,.n - -,F . .s - -s - s - s - 5. Ic ccumlb.r . a -tJemn of r cirpl-n - -n - :  s-- n - ,] 

n’- n m  ‘ a- n - m s - a n - u s - - n.. -. n - m t S  c s - n  0 - - n  u s - c  s-mi to P in - .’.. s- . r c n -e : i s -t e  1- n - a - s - - s - - n - c ,  g s - s - - v c y  -a-s-v -a r s - c d

‘L I -c b~ c s -n -  cn ’,m ; . iI , s -  p s - n ’- - i c - l s - ,  i ] c n r - ..

~1’.s-’. s - 1 - - - m - s- 1:,:— 0- -as - ri  s-c - -. t ’ .d icy s-s-n s - n a - n p ,  a g r n - c - i s - y  cms - v o e lfect  f ’s -  sc ’s--c p~~~’-

lic-!. -n - e i  ci ‘s-~, c r c  S i L , n n t a - m , m c . , s - c s - r , c s - , ln 1 , . n - . s -~~ c. of airpi n -m-c -’ s - m m c c  J s-n -c s-- ” cmh c -i- : .  pa-c’s- ’ 

Tic-a mP s- t n - ; u s - c  h u l a - c  n- cnn-ny .

‘c a-mis - - ; :;t 0- ‘ r n - n - c  (,~~. , cm s- s - n t ime m - m ic s - In - c e’s-c-ti cs-i ti-s-cn n-.:.-: n-ct , as far  as s- am an ‘-: s-, ; r s - - :c-.

s-m I  s - ins - n -  d ice ’s- un - of n - a . . e i s -y  ;-n-’,’c~s c-n s - mi s - - e le na- . be, ho n e t r i e d  Lore s-c- em a - .  a - i  l a - I c  s - I c

s- - s - .  c~r,a-r : n l  s - n  5 - s - 5 e ’ to b-c cnn -s-cs-ti 0- for t ime is-~:mi:n- Sit]’ a - n - md. cm . c c s - i n c r n -  s- ic cc: i ’_p ’ m en--

in- .r c:: a-mn-Ia- nm ’ ‘s - Is -n - in - cs - b c mmcc of a gc m c ’ .’.r~ , ‘ s - n , ”:., c-cd ‘s - c s -  n- c- on - - c s-c.:;-: t a - as - - c cs-u].:] .-s- eec- c

I ; ’ .  s - cs - i .e c-n- nc -S to n - s - - c ‘-s- , s-H mn - c .: or’s- s - i n - :  c-n n - s - s -  e - n - s - m m . L:~s-’mns- rrur ’ . cn - of t , :  ‘ I c c l m : , i c a - s -  cs-c

sl, ”- s - u ] .J bc.m n - m n ’ -: ilul as s-c tcc’J. for time st’:cIy on’ botle n-p-nvitv ~s--j ’s-a -E s - s - md a-c . ; -n-a aic cc.oce —

I- a- ; s - n - -s- i~s - n - ..r c. m c n-~ a-’s s - m s - i  lm r o C - - c n - t n n - .

~
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is--. - :

I . A good ommalytical  app : oH s -a -t i  en for the 0-a-ca] ’ constant X~ expi c-s- s-ed as

o f’ s - rc cc ic . c e  c-I t im-n - :n-,ic o l , a -m iH r s -  foc-tc:r a ~lvs-n inn - :

(u i.)

F
A dos-iv, c~~loa- for’ n - I s - i n -  i n -  ~ S.’.”: . by T a - an - c (l~ C C ) .  Ac. ot ic-n - r totaJi y 0 - i s - f a n - s -n t

0 - s - c m- s-va- b i n - s - n - .  i s-c a- s-cs-cc-c n- li -me n ‘s-v 0-C;-’-l er s- s- :s- il  I-s - m s - m i  ( lS7~~) . In - n - a - I r i s -  :- n s-er - s-n-n c i  s - mm X

cin -e s-nn .-s- :.c-s n- n - ;mo t occ n- cei].y n--; . i .th i.:core :si-c g p ,  s-- n - c s - cs- n-n 1< F< 2.  Ti m ’ s .  tin- s-c d--c c s-’s-y of

the F--bn -yc - i .- i s -  icc p, c ; . ci -~cl i a -a - s -c -a  c s - n - a - n ‘s-i c gases-  are i- ’.Hc os - I : -  ,,I.m ms - P (P 1.).

The exc m s -n ’on - s i s - - f l  -3 ( a )  in cs -n-s- ca t ion  ( 2 )  is s - n -V s - n - )  L , r :  
-

!cs- s - m n - s - m O  an -m s -n - P ~
- — s-i)

s - ( c )
s- n - c ” n- , J -j (A 2 )

- i s - - I s -  a-c’.:’ r. m c n t , i c c a - - C, c - ’,-;’ i c e  J. s - s - t n - : r  c-n C s - mud  1/P . I f  a- is- cot ‘to s-cc - acm t ics -.

vcl.c.-,ity a’- .c-].itude des- ma- not -
‘ :.i’,

’ c ’s- s-h 0-n - 1 n- I n - t . C-tin - -zr - -n - i  n --c , it i n - n - e m s -  m m :  m’-

Is- 13.y . U’n- sec. s-hat 1I(n-) vs -n i  c .im a -~ at tI c s-’ s- s - n - ,:’- - ‘s- i c  ~.c—le n - i . cs-- ;c.tcr s-cl -c c - -c- s-- cs- 0 - m

ia-ct ens - a - c t  a 1cc-s-i non_ ally du ct cs -d g” s-n -v c . ty  n - -c~a- ve- to p-i - c n - s - m c s - c-ecilLia -tican- mc ali-g i am-.

I 

s - Ice  I’s-nr c L ic :s- s  P ( p  ,w ,t ) and 
~~~~~~~~ 

) are CeI ’ . a-m: c P  (l’  . .cr s-e ,s- -nI ‘l’s-. , s -  , ‘s- C 7: ;  ) I’ ,’:

r ’t s-
~ 

(t-t ’)  
- (t ’-t ) - -F - ( c )  s i r mms - ( t  -~~~

- 
— L 0  0 OJ

i’s- c(q , t ,t ) e k e

L 

fl 0 O

j  
(A 3)

t
0

1~ (s-~ t ’)  
- ~~0 ( L ’ -’t~~~- B (g )  n-a . i s - a ( i ’~~~~1 (A a - )

R , c(q, n-m , E )  e “ e con w(-tm ’ — ~~ ) s- It ’

o s -

a- 
_ _-

~ 



s-’ i ccc -m c -
~~ i/c;)

n
H

~ hU.a- both ]) s-a- :~s- c s - a n -  c-n- s-Il]  s-m s -n - l u ::. ml rn- r .ctj cns of t ine s - n - i s - i :  I’s - e n -s- a-a -coy

R n-ray e l ms - s -n --a ;. a i -s -c’Hm c s - m u s- n- s -m .ma , i a-s- - c’s-:; tn - c- s- a -m a-. t’.,m e .  It s - m s - s - v  to n-c s-.1 ‘- - s-a- - -

u ‘
~~ 0 , LooP, P s-nd I? mn- er c’-c:. ’,~ a’ .:- :n - s - s -’ ns - n - i- :m fc~ s-c -: ic - r ca -  of t in - c a:c~ all , cs-o3. lfl i s -

s -s -n - c a - I s - a -  fi’-on ‘time. s-.n- ’m: ’ cs - . n - i n - s -  a - 5 ’;an - , by cs-_ n - a s -  is-s-as- ( 2 ) .

Tha functions F ( n s - ) ~‘e ,mJ t’ ( r )  c m - a m  f lyer-  iny :

1,;) ç (mn--l ) ~(u + 
~~.) 

-

F (p) -———-—_-‘- -,
~~~

.._- ___

— v t- P) 
~ ( ‘ i)  (m ’l

a- - 1) 
~~~~~

‘2 
-‘ ~ ) RI.”,] )

C (  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

“ -  ‘H
~‘( cn ’ ) 2 -

s -h . :  s - - ...’cc ’c.s-a_ c- r cmi  ‘LI n -n - s- -~ l m ,n: m ct5 , o~~’ n - nc ’ -:.. p - in- c m: I:; bu n:— ( l a - m I S )  a .. -’ a -s-ce

s-cod I mr- a -m i (s - q ra - ) .  T - m : n -  n-
~ a--a s-In- n- f - -  L i  :,: I :-g i n - c - s - s -  ct u: ’ ;-

I s - )  0 fec- s-i] 0

F ( s - c  = 2 )  C ion-’ c l i  n >3

G C 0) 0 for s-n -Il  s-n ->: ]

Hen” - ;  s - cc- mm s-mm 1. . n - , L ’ c’ m a-rn : n - .m e ‘d es- s- ht~ h a -~s - P m m m d c  of c s -n - : . s -t n- . n-:, (2) ;. s - n ’

s-e s-’ -.] foe 
:‘ 

::a-:: s-
: ’::

.~~~~~~~ : ~~~~~~~
‘ sc-ms - ,] cc- I;: m]i.:’ s-n -n- ’:-?

p.

‘— - ~~~~~~~~.- ‘- --- . -
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inc.s--,n - .cn - ::l.cc I s-~~.s- n - , n -.

Tim- :- r -a-m ,es:c0- a - a - n - e r - s - s --i I..n s-I’. is-  n -a cne : ’  s - -ma - s ~- : cn :  cs-cd is - i  s-na - at  La-’ is-n-c

Air’ ic-ace Cc: nJc-~’-l.dp ’a s-s-s- n- ‘n -cr ’ s - m i .  I -s - inc - :-ctcs - s-ai s - ,n ’ ; is-FIn-C icr, -, i- ’s-c- t ic s -  c:cr ti’s- -ct

i_ F  l90 2 8—7lC-- C- 02~n-. —F O 0 C ; .s - ]  -
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P- il-i.

s - s - ! - m i s - y ’, D . ,  “ Li mm s- n s - r - v s - .’;i.e-s- : r I s - c -t’a-- :n, a -t r i c i.re- d’ur.c perturLatien de la 0-cute atnon- l.e” s-~ ,~~

i .r s -mtr ophys. 0 - c s - m n -- s-c, p ica 9 , 5 5— 5 9  ( 19(34)

$,:y-h ie-ca , D. , “J]s--u:-r n - - In - n - c a -n . e c c;; tacn ’t i,cuJ . i.can r.s- r es en-c t cs  s-cr la raic rouge de lan
- ‘  in-c::.tm er-c - 0-u d c i  a<- cn ’c.m s-- :ne- , ” s-cn n - . C-s-os-is - n - s -ma- . 21. 2 2 8 — 2 3 4  (1965)

.s - , i - l . in .  s - c o  P . a - - . m l p, - s - , ‘ , , m I , ]  -n-;s-c .c’mm n n - s- H i c i -,’:.c- ’ ol s- :,e
;s-_ n-chs - ’.c cj , n - em , icc t i c-mm r i  {‘m ; n ” ’s-r c s-ens - F — I c ’ -. mc - , ’’ i - i a -nm ’s- n- , s-pace Sci. 20, 11~ 2m (1572)

( P s - .  . - m l s - ’. ’n- , JH .  , “ im s -,s- m , c:c m e-i. 2. n ’ ., s- ;, is - .  s -I. s- H : i 3.ow . I . s- ~li gis-t s - c i .  s-ei~,I’ s-t
n m- m .] : - m J i n - . .: I n - a - c s -c - s - m n , ” !,.s- cm r s-: s- ’e y m m .  J .  32 7 , 5 n -~- E 6  ( 1953)

Cs - a -, n-s- n-f cc -inn , J . C. ‘ n- m~, - ‘ s-s c-f ‘s - L E n  n - un - - c- c - a s-en s-’ a- i s -n -s-ion ” 31c c Y o r k :  s-cs-Pc: n - I c
19(31 , p . s- ca - Is -

U -m e- I n-n , J .  ‘‘ P .1cc i ::-- l H g :. - m I t - ., cc i - s-c ‘ c n n - H ’s - i c - I  ama I ,u f t] . c : n - o i c tcc - m m m s- .’sI’ cn - -n -:. :I dc -s  E -n - c; .”c:’rl .:s-c-.- i c - .s-c

i n - - i n n - .. . ;n os- cs- in - .. .“., s - .’. i c s -  s - m a P - c s -  .m s -~fs--i :- .s - s -” P c i s -r  . a - .  0 - 0 -y r .  0- . s-’. n - . cc s - s -n-  H: s-
I 1 ’n -’ —2 1 (3 ( c  s-s-s- I )

C- c c - n-. ~ n-’ , TH.  a-n -n - i. ‘cc-Pa --, W.~ i . ,“ Y .- :s- Ic.c’s-ccs-d I’lurtcc ’,Iiz :: i c c  I a - . c n - - -m 1, n - - i . e  0 - i s -s - c a - :  s- , :

( n - n - m s - t e a - c ’: s-s- i n c - ’~~ s- 2 . ;I .’ -;. . - a- - c m ammp s- o:c.e C- i n ; s- c ’ - : s - . s - . i - . i . -i , l ] s - s - c & ’, J.  0,_ e r a - a - n - .  F - a n - . .  I n - . ,
C- I- i 5 -B l O b , (in-c s- -Tn- )

i-n- m’ :ns - , :r , ]s - . s- .  Is- . a - m d  J. ‘i a-s-ole , n - n - s - ’s-~s- . In - It (~~ tT~~~~ 2
_ c c 1 , 2  l/P)  cm - - :-rm:.tlc .ccs - I:: tim -n - n - am -n - c s -

‘s- n . e  s-~ I icc: cn- a-s- n ip  i s - ’ ~ ‘ p~ a - a - s -s -~ 
s-n~ s- n-~ i’s-i. 17 , ( 3 7 5 — 6 ( 3 ; ci  1(35)

1:1- - C. 0. ‘ I n - c s -  m a - s - i  s-n- n-- c . s - n  p s - - , n - - I c  - - ‘ 1.0- c ’ s- c-c s-m s at is -  m m . - - i “ s- i  c ins - r
Cs - .m , ..s -li , .s - s- P. H I’s - . IC , IUM1 ..I-. n ,C .l .  ( s - s - C u )
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On the Behavior of Airg iow Under
the Influence of Gravity Waves

H. S. PORTER 1

Ph i - s i s - - .c Iniepar i, *,eni . t. f i l e r s - c f  s- of (‘ inc ’innali , Cincinnati , Ohs - s - i 4 522/

s_ M. SI LVERMA N

s--i I,- ~orc -e C ans -bridge Research La/ s - ora ls - cries , L. G h a ns - s --os-,: Field
Bedfo rd , Mass achu i-eiis Ol ‘3c-

T , F . TUAN

Ph i-u s- -s Deparimein , L n s - c r s , t s -  of Cincinnati , Cincinnati , Ohio 4522 /

Auihoug h the experimental observat uons ofa irgiow intensity fluctuations and their possible Connections
with traveling ionosp heric disturbances have been made by many investiga lors , very little attention has
been given to a theoretical analysis of such ionospheric disturbances on airglow . In this paper we
specifically examine the effect of an atmosp heric gravity wave on the 6300.s-& 0 I and the 5200-A N I emis-
sion in mid-latitudes . We w ill also show that for the 63~e-.A 0 i if we assume reasonable s- ,,Iue’, b r  s- he

, - ionosp heric parameters as well as a gravity s-~a~e with a period of a pp r o xs - s - c s - s - is - c I~ S h. the resultant ~uc-
tuat ions in airg iow are consistent with Dachs ’s observed data as w ell -s- s w i th  the sim ultaneousl~ measured
v s- i r s - a s - i o n s  un - the ionospheric parameters .

An assoc iation of ainglow intensity variations w ith traveling detailed behavior as differences tn phase between the os-
ionosp heric dc - turh s - in nc’s has been established by Barb / er ci llat ions of electron dens its- and the atrg low - .

~ 
1964 . 196 5] for the (,5l)()- .-’~s- 0 I em ission and hs- We,/ l and 2. Th e  analyt ic is- io t lcl re m a i n s  sa l id c~cn if the perc ec tags-

( l i r i s - i o p /ii- -G laui; ie [1967 ] for both the 63()O-A 0 I and the osc,llation~ in t he electron density or airg low are large in cs- iris - -
52 ( 10- A N I cr1ii ~~ IOfl  

~ n- s - i di, s - ct  ‘s -oflp a riSo n a-f the is -s o is - ps-s parison -s ith atnb ient values. Th cn - s - condition is especiall y rn-
s - I

- meas urernci1t~. In cidditi on , sonic pu hl is -~Ice d data tSili ’ s-’ r- portant or the 63 (1/)- As- 0 I em ission . w hose lumtnos ci ’  profile
1?700 . 1 962m 0/s - us -Ia . ls - ) (”m 1)a /is . 968 ] man in retrospect he see rs - s - ’ ; c k ’  it a pos c n -ion (about one scale height below the I- , peak)
~ having been probab ly due to s imilar cs - iu~c~ . The data of is I s - s - i s -’ is-c elect ron dens its - and airg low osci llat iots-~ are rat her
Dachs include oh~crvat ioris on both 5577 -A 0 I and 6300-A 0 large.

.s-. I a” well as observations of the ionosp heric parameters in-F2 In this p s-per we Is - Nt is - ut l in e the computat ion for the ( 51) 1)-A
and h’F - ~ and n- ire t hus particularl y va luable for anal ys is from 0 I emission intensity during the pass ;s -~n - n  of a gr a v i ts -  w a v e .
the poinl of iim w of a poss ible vs ave origin of the variations , For lonin--period gr mi v i i s -  civ s-’s t he conttnuit \ equation from
Distu rbances in airs - n- lo s s s - i n  of imoursc arise from a variet y s-~ which the emission intenstt s- of the 6300~.k 0 1 can he
caus es , ,uid s imultaneo u s measurements of other parameters ca lci m lat cd reduces t o  the quasi-equilibrium theories of Peter-
are neede d to establish the cause of a disturbance , s - o~r i ’s - i l l [1966], in w hich the production ol the excit ed 0(iJ) )

Over t he s - s - i— i  few years considerable theoretical and ex- states is ,issc imcd to equal the loss through optical em ission
perirnental work has been carried out on the effects of at- and quenc hing. Comparison of the theoreti ca l ls - calculated
rn- --p he ric p r I ’ - i ) s -  s -s n i - - i-- - . s - s - f l  ionosp heri s - - parameters The chan~n-es in both ‘Ic -iron dens it’. s - n d  urn s - rn - usia- pi n- fi les will
clie nts of t h e y -  vs s - i s - c s on optical emissions, however , have serve to bring out the essential features of the th in- ors - .
received no attention from a theoretical viewpoint. A suitable We s hall next consider the time behavior of the total elec-
anal: Is - c  model for such a treatment has been presented Iron content s- i s con-in-pcsred with the airg low oscillations , It will
recent ly hs- Porter and loan [1974 J , This m odel for the he shown that the total electron content s hows less oscillator s-
response of the I- s - i s - er to grav it s -  vs s -a - e s differs fundamentall y behavior and that only hs- plotting the time den s owe of the
from the us i i s - i l  theoretical treatment in several respects , Of total electron content can the oscil lati o ns be more s ignificant.
t hese the most pertinent for airg low cipplications are the However , such f luctuations are detectable [ 1)ai-i ,i and is - iR s - s - c

to l low - ingm 1969] The reduced oscillation in the total electron content ,
I, l’he analyt ic model is full y time dependent. One result coup led wi th  the large optical emission oscillations , pros ides

of such a model is that g i v en a s i n u s o i d s - i l  neutral grav it s- wave , us wit h a possible criterion for distinguishing between long-
t he response of the electron de n- i t s -  os ci l l s - i t io n is no longer in period gra v i ty vsa ve e ffects and effect’ produced ls-s- other
genera l sinusoidal and the tcme bin-h is ior varies w i th  height, sou rces suc h as parlicle part icipation.
1 his ma kes it more suitable li’i s luds- ing bot h the general We wi l l  then s- -onsn der the effec t of s- i g r s - isn t s -  w a v e  s- s - fl the

des-s- is - of the F- ’ la s - er and the s - i i rg low at night as well is such 52))() ~.-k N I cmiss iot i intensit y . Here w e can no longer use the

-~~~~ equi librium l i - s - s - i s -  t hat we have been using for the I. ~~~ -k
- Ni,~ i n -  the I’hs s - i s - s  Department . I n u s c r s u t ~ of f loo d s- i . I t s - i s - .  s i t s - s - v  ,ii v u s k  ii I s - g i n - cc aUctudcs lhe pm oduction of Ni l) )

G.u rn ess - i l l e. 1-lorida is- is - i l l  s t a te s can fl o longer he balanced by- e i ther t he radiat ive loss or
C .p~right © ls - r4  by the - \ n - r n - c r I s - , i f l  ( ie o p hs - s us - al  t m nion, t he quenching. We wil l  also consider the importance of elec-
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Iris-ti qucnii m hinig. s-s huch us ulol sc g ni i i is-an t for the uSUP- -\ 0 I the unperturb ed is - u r n - os phere is assumed i s -  he s-i s i , c i uvs - r i ,u r :
h u e . hut , as vie v hs - ill see s - s niuch nione im portant for the ( h_ s -I s - in - is - ui , ) Li i is - ts - n- i i s - u ds -’peui detii of u n - u s-- . \ I s s - u . ii pent urhs - ci i irn
nitrogen line, t res -uiniieniv the t in s - ic depenidetice I s - i n  t he pis- uvnna is  ,u s ss - c n- n- s -cd to

~ ~ The theory derived here wil l  then be used for the interprets - i- he u n - u L i s s - ) cds - ii if the g r s - c v  i ts -  w a v e  is s inusoid s - i,  anid a s inis - p le
— tion of the cxpcrumc n - is - i l  results of Dauh,v I 1968] at Tsumeh . product loris-i for t he tins - c and spat ial dependence a- usually

Sout h-West A f r ica. These include simultaneous measurements assumed.
of / I- . 1t1 2, s-s - rid t he airg low intensity variations vs s - t b tins -c. 1 he hums - inns - us ia - peak Ion the ns - ightt i n c 6300- \ line occurs
whi ch allow - for  a test of both aspects of the theor y . abs -s- ui one .cale hei ght below the F”~ pea k ] Tn -s-s- i , r. 969] . w here

f i n a l ly .  s-se s hall also stud y t he effect of vary ing the the electron densit y osc i llation s-an be larger [Ps - s - rn - s --i s-u s- u i n - s - a rc .
quenc hing rates on the phase of the oscil lations. ~‘s e w ill con- 974]. . -\ s  an e v an s - s - pIe. i’or t he g r s - uv ii: vs - s - s - s e  tha t / / n - s - s - i r s - i’ [ I 9 ( s -~ ]
sider th is phase difference in relation to the effect of other analyied the oscil l ation in electron density at this height would
mec hanisms that can also cause a phase difference. he betw een 20 and ~~~ o f the s- ins - hient value. II ssego downs - by

‘ anot her, vs - i’ .. t hree quar lers of a scale height . w here the
TIME Bi-Us vIoR (SI- hi ts -(’ TR On - -c DI NS1 n -SNU . - - - -I ut ls - u n - losuiv is still v en’. considerable , t he oscillation ins - electron

6200-A 0 I La- ‘.ii~~i st m~ PRoFit ~s - - - 
- ‘ - -density russ -s to about 4 5—~

() - of its ambient value: thus any
Theoretical treatments ofthe 6300-A 0 I emission taking as-- perturbati ons- approach is invalidated,

count of different factors and calculating various parameters An anal yt ic model for the electron density , \ .~~:, s- i under t he
are avai lable from a number of authors leg., Chamberlain , in fluence of a gra vu i n -  vs s - uvs - has been developed [ P or ~-r and
1958; Lagos et a!, , l963 n - Lagos , (964: Peterson et a!.. l966m is - s - s - s - r i, 1974] t hs - ut sun -ens -s appropriate for anal yz ing airg low and
Titan , 1969]. Th e following treatment leans most heav il y on us os -l id for large disturbances. The results are full y t ime depen-
the wor k of Peterson et al. dent amid may he used to stud y t he general des-a: ( inc luding

We ma ke the following assumptions (fo r their justification changes in shape) of both the F i-aver and the airgfov. in the
n see Peters-a,, ci a!. ]1 966]): ( I )  the time derivative term in the absence of produs-tion o f electro ns , Finally , we can use t his

cont inuity equation for the density of oxygen atoms in their model to stud y the time variation of the height of the F2 and
0(’D)  states is-s-s-a- he neglected . (2) the diffusion term us lum m no si ly- peaks . a stu dy that would be difficult in a partiall y
neglected . and (3) we assume chemical equilibrium for the time-dependent theory that does not allow ts - s- r an: c hanges in
production and loss of O 2 molecules and neglect the 0~ and shape in the a m b ient ionosp here. In this model we have
NOs- mo lecules in the equation for charge neutrality- . We t hen neglected tins - c v s - u r ia t i onn - s -  in the temperature , diffusion, and
obtain the fo llow ing weU-knt wn expression for the volume recombinat ion coefficients (all is-f vs - his - h can be incorporated

s- emission rate ~~ for the 6300-A line: w itho ut too much difficult y I. s ince it can he show n that at least
for long-period grs-l v ii: vs s - c s s-s [ A / s - i s - t s --rnnu -u- s-’r , I 9 72 /s -  P s - r ts -’r izurd

I- 
~
‘. — ( A s- .s - s - s - s -”~ ‘yIO2 1N~ (I ) I ilullr , I i)74[ the percentage variation of these parans -e ters vs ith

~s-l3Oo’.2, / — s-~\ A~~ / I + (1/ ,4. s -s -) (S~ [ N 2] + S2 N,) t ins - C cs s ins -all s - s - s en  niost parts (s-f the I-’ layer . For the case s-ui
long-period horizonta ll’, ducted grav ity vs ay es , t he evpress ions-

where rj is the efficiency for recom bnnatmon . -
~ is t he rate Is-s-i t he des-ron density \ ,~:, I). ] l ’ s - s - r n - s --~ s-s-irs-I Is - s - an . 19 ’4 , equa-

coe fficient for charge transfer between 0 and 02 ,  and Ss- and t ion (7)] ,  vs his-h f u l l~ includes effes -ts due to diffus ion ans-d
r S2 are the nitrogen and electron quenching coefficients, res pec- res-onih it is - ution , is given by

t ivel y. The 02’ profiles Qbtamned by Schunk and Walker [1973 1
• could later be used in (I). However , since the same chemical 

— s-f ~ a (
equilibrium and charge neutrality approximations have been N, — e exp j — [211 + 2 

CX~

used in the expression for \ . [Porter and Tuan . 1974]. we have
decided to maintain consistency and use (I) for the emission .

~~ ~~~~~ [ — X ( s -  — t ,) + B(q) sin w (t — i , ) ]
* rate. Since our primary Interest is in the basic dynamic

response of the airglow to gravity waves rather than an s - s - r
detailed behav ior , we have also neglected s-he contribution — PJ ~s- . ~~. t)F ,, (p )
from dissociative recombinatmon of NO’ SuIu - s- - rnron , 1970] as ..~ i L

• we ll as the cascading from the iS States in the production of ~ .4s - s ” sun  0 cs -s - s 0

states ] Ri ,shh s-’ th and (‘iarriou , 1969], We vs- ill also neg lect the + - R i p ,  t)G . ( s - j )
time variation in 02 and N2 cause d by t he gravity v sav e s , In
rea lity, t he equations for such neutral atmospheric con- 

~~ 
,, u - s - [  , (

st it uents are really coup led to the equation for the ton-electron ~
,. Let cx p 

~ 
( — I

plasma. To suns - p l u s -  all these pns -ucesse s , we have used
— stationary models for 02 an d N 2, In practice the ap- where -. Ii /n- ,, us t he difierc is-ce between the ,s - s - nt uc, i l  heig ht in

prox im-ations should he gus - s - rd.  since , as was ai res- id : men- and vs -s - fi l e ar h it rcirs - reference height h,,: 1! us the scale heig ht: p
tioned . the percentage variation in the neutral gas caused by is the vs -s- dc height a cts - s - n, A ,. A i/ s - i  i s  s- i decas - cs - un s t ,u n s - i  lss - e
t he gravity ws - ivc is usuall y very muc h less than the percents -s -ge appendixh i~ us t he angular f requen es - s - s - f  the gras its - w ,u s -.e , q s - v a
variation for the mon-electron plasm s-m. es peciall s -- in important p s-ir~ins -ete r (0 - q - ‘ 1 that euntrus - Is the d ,u ns - s- pn ng s - s - f the
regis - s- is such us the pen-uk of the luminosity profile . Bs- fs- ir the gr is n- Is - vs ave iv ’ . hen q :. s -s e ohts- inn the ti nids-uns-ped Jbiuu -~
most important contr ibution to the ui scu l ln - t l ions - in the airg low 196(1] is -n-od d) : I6s -~ i us a coefficient depending on g n , s - s is - s vs ,s - v c

s-s-rises From c hats - g es in the elect ru in- de s - is i s - :  s-s - in ( I ) ~ am s - d ionosp heric p i t s - s - m e t e r s  (see ,s- ppenndi ’ . I: 7,, iv ‘ s - s - i s - s - c m i t ts - s - i
Most recens- t th e or e tuc s - l  tre s - it it ien ts for the time-dependent tins -c gus it s - un - s - is n - in - in  ph s-se of the s - mr,u ’ . its - vs- use .is- t

behavior of I- Is - is - er  elect ron density leg. .  I i ’s- it s- s -/ and / rwu ous - , 2//i s- , I) ,,) “ , s-s here 1, and / ),, .s- re Ifs - c c s - s - s - m i n is - s - na t o s - n i s-ui
19 7 1: A lo s - is --rs - ,n i ’ u i-r I i) s-2 s- i. hJ under the influence of ~zr , s - s -  it dill v isi o ns - s- s - s - i m I l i s - ,n u c i s - is  ui h , s - . is- is t he .ittg ls - bets-s ecn this - ns- n- ig nn ciic

cs - y es are essentia lly bused Ofl perturbation ils - e s - i rs -  i t s - vs his-h f ield m id  the zenith : - t us the unup litude at t he gr.i’. it s -  vs i s - c  at
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2 • l’ii~ u i ~ i- i s u . i R s - s - s i t S  s-s- s-~ 5 5 1 5  s - N i )  \ s - u s - i , c s - i s s

Is- ~. I’~ iii- ~s-- , s - i  unuul R i1., s-s-n- , i f  s - s - ne s - s - sv’ u i i s - u t i c n - n - .n -  i uus - s - t io n is s - s - I  h is -s -C s - s - re , c i i :  e ui h iu s - s - n es - I s - i s - u s - t e r n - s - d y ( I  is - n - une I, center). and (3 )

I
” t d s - f un s - ed cnn - s-li e s - u ppe ns - d u ’ .. I’ , ip~ s - ui s - d a- , (c /  I s- ire Is - cs - is - i ns Ihal cons -- ano if s -en hs-s - iu r is - s - icr, s - us t he I ,- peak is - is - n - s s-s up again . t he unten-

t rol s- lie depe nds - is -s -n-c on t h e  ss-~s - ie  heig ht Is - s - s - i o n and the damp ing s - i t s -  at peak l a i n - s - c s - n - o s - m a -  aga in drops . t here being little rise un
s - i f  t he s - n - r , ms d y  vs-~m v e . res pes-- t u s e i s - . s -nd ,ire given in the s- uppens -- Is -s- s i t s - i n -  I I u . s - c  . ~ . right) , If we had pkn- ited the an im osit y
di’s- : L s- , s- ~ ~ a 1,s -s-g uerr e ps - u i: ns- i nnua l of ha if ’- inte g rs- i l s - s -rden.  pns- il i les s-s t h i n -  us- n- niching. t hin’ ps-s -s -k luminos ity ssou ld ha v e

\\ e sine s - it i s - n - i -n I rs - inn - i  ( 2 i  ihs - i t  it s-se ignore the contribution ns - ov s - d a uns - un suu is -’:,ih le d i s t a r s - m ne (about I ~ kns - )  dow nward  vs hen
Ins - i ns - i  t he in s - f i n - i s - I s -  sun s - i oms - the rig ht-hand side , vs - c have a Chap- ths - t~ pes - uk cans - c doss - is- . Thu s concluSion ins -s -plies that the
i s - s - s - irs - iu is - s - i uu s - ms - ns - s - u itip lued h: s - i ts - e s - s - ps - i ns - en s - t i cs -i dai s - s - ping together l un s - s - u n iosi t y ps-uk is essentia l l: kept up by t he rap id c n - n - s -.nr c n s - i s e in
vs u s- h s- s s - nu l la iu s - s - n n - s, ibis is ~s - s w ou ld he e’s-pe mnted, s ince fs - r  the quenching at cs - s - i  - n - n a l t i tudes ,. The reason that It would onl y
nn - u g h i lu ns - s - s - si ius - i t u s - s - ns - v nou n - ’s - idcrc d here . product ion cans - (s-c cv -  r n- s - is in i ~ k is-i r an - n -  - n ths - s-n the 21) km for the Es- peak is s- lie rapid
m i t - s -led. (~~ e is -s -s - Is- n-n csu I :  is-d ude prs - u d imc tus - i ns - if it n - s required - I dns - rp s - n s - s - v a i l s - s - l i t .  ‘ ) _ 

- I s - n - n  the production s - n - f 1) s I s - u t e s  at higher
I he m s - f u n - i t s -  suns- i on the nug h i -h s - u ns - d side of I 2 I  reduces to a s -s - I t i i udes, s-s in - i s - c c  , s -  n - i f s  to keep the luminosity peak down , Thus

:- es-s tents - s - s fo r s- s - gas th s - s - i us either perfectl y mixed or us in the c s - s - is - s - bu ns - ed s - n - I s -  s-f if both us to keep tl;e Iun inosit ’ . peak
duflusu’.e eq u iiubruu n-ts - s - ins - d fo r s- i co nsta nt v s - I s - n - c s - i s -  amp litude Irons- having I~c - ~ v i’ oscil lations in the vertical direction .
I indepe nds- us- t of heug hl I t s - r r  the gravity vs s - s - - e (q = 0) (see
s- ippend i ’s -f , Oss- n - i I -v I iii’s - s is-c Ts - ir ;n Et I i i

In - u the s- s- sc vs hen i fs - e m is no g na v i t s -  vs - ave (- i  — 0) or when sse ( O ’inTn - \ i  AN D (n - StI l l ’  A 0 I

s-Ire s- It ihe ges - i ns -agnetuc pole (II - 0) or equator (0 = ir 2~ . 11(q)
= (1 (see s- m pp e ndix ) . s - m i d ( I ) nes- lus -es Ia the cs press ion for s - s - fl un- ~~ o bt a ins - s - l i -  s- ,ta i zeni th s- uurg lo’.s intensity for the 6300-A 0

disturbed is - ins - s - sphere ~~~ hi s - s - n - s - h -s- - s- a- mud I us - u ’ n - , 1974]. The ~, vs -c u n n t e g r s - s - i u  I ~ I s - n - v e t  heig ht. The results are plotted against

dccc iv  con s t a nl  As-(p) describes the general F Is - is e r  des-s-s-s in the Is - s - cs - il tuni s - c in s -  I s - s - s - s - c s - s - n -  2.  \Vs - hs - s - v c  u l s n -  plotted t he total coluns - nan

s - i f s - s - s - n - i s -  in s - r i ’ d istcurhs - i ncc s - m nc l vs s - u- . s - s - n ugcna i i y  derived throug h per- e lc m ntns - i ns - C s - ns - te is - t  s-u -. vs -elI as the negative tn - n - is - c ders -vat s - ’ .  s-n- of thus

tur hs- it ion iheo rs- I I’s-s-a ,, . I 9(s- i(]. In s - s - s -cr i e r s - s - I. s-\ ,,I/ i) u n - mc n e s - u s s -’s w hen ~s - s -~~s- ~ un- Is -v n - n - s - c l  i n s - ru t t in t i t .  I his- parameters used here are the sans -c

i~ 
t he p s - s - s - es s - s - ne in s - v ! i l f cc ’ , i v e  equi l ihniunu ~p 2) i5 t I n - c s - s in ~c J s - s - Pis - s - l  ion I- s -P ur e I On - us -- t s - c n - c c i s - ci feature is that s- ill

j ’he e’ .pn- ns sc o ns - g is cc - by ( 2) pius is - ic ’S t he s - s - s - i rs - s - I  phs -s -se t hree ccciv  c- _ li~s - s - s-~ vs u s - h i t s - s - s - c .  an s - :n - s - pcs - tc d result. since no is-s- n

hehs - uv us - in ,i-s- vs eli as the I - ~ is-s-ak is- lotion s - cs is seen ‘rots - i a corn — pa in I s - s - is - Is - s - du n - is - uiicc han s - s- srns have been nncluded [he most

ps - i r l s s - i us -  vs it h  I/u nits-- s [ l s -~ s- hj  o hse r s - s - s - t u o n - u y  [Po r ts - - i  as - us - I (us - an , st gnn6s - .~~u - Iv  . i i c s - n s -  in - j ihut althoug h ths- rn. us s - s - s - n - s - s s - s - i s - r , s - h I s -  oscn lla-

l 974J. I): inserting the s- s - hov e s - nv pn es si o ns - f s - r  V . ( s - n - , i f  inn ( I I v s -c I t s - s - t i  vs - i l ls- I s - i s - i s -- in n-he s-u ur g ios -s- s - n i c n - c s n - n - :. t i cs -  i s - s - i s - i l  electron con-

ohm s - u n the iu us - s - inn - s - a - c iv  pu’s - s - fil~v ion the 6300- s-k (3 1 shown ins- te ns - I v h s - is - s -  s rs - - t : u i n - v  I~ l i t t le f luc t u,s - t us - u ns -. l ime Is-s- in k of fluc~uatuons-

f igs - c r c  I ,  l u c r e  we hs - is - i -  .u s - f u 1 s - i s --d s - o r i i r s phs-’nic s - us - rd  g u s - v i a -  a s - s - y e  us - t he i ’ s - i ,  I n s - s - n - n - n - n - n - n - n - n -  i -  tin s - s - f i R  u c n - n - c f s -’ r — n - s - ns - ls - s -hlc \\ in ,m nc

p ,s- r. inis - e iers sc m - s - i s - a r  t s - s - n - t n - . n - -~’ n - c - c s - I  is - n -  t n - n -  I / n - e s - is - - s  ( I s - i t s ‘ s -h - s- n- m i s s -  I s -  s - s - s - n -s - s -  n - c s - s - c s -  s - c l c s - i. , s - i .  s- s c s - s - i  s- i s-, s - s - s - i s -

v s - s -s - i s - s - i s - s  s - s ins - I s - I  I s - s - r thu s - ss - cs - : e I r s - u s -s - u i  Is - is - is - is -  us - s -  vs - in - s - ins - n -  s-s s- s - ve in - I t s -  Is- -ct pi i s -  s - i s -i , ,  I i-’ f l s - , s -n s - s - i s - s - i c s - s - n  c s - s e  s -v l n - s - - r s -  ilis-’ ions

n- n- s- s- s iuscd j s - I 75 is - i  s - s - i s - I s -- i  is - i  h c u t s -  n - t i c  ps - ms - es cs - s - s - se n 10 s - h l lL i s iv e  s - u n -  u s - i s - i s - u i  i t s - s -  s - t i ’  s-u is -n -d .s- s-n s - s - n - .  li s - c . v s - n - c s - s - C  n - i s - c

s - s -, s - cus - l s - hs - ’ s - s - s - s - n - i  s- us s - in - s - c  us -~~s- ’ s - s - i  s- ’ x p s - ct s ir n- his I’ r s - - gus - i s - i~ \~‘ e s-- t n - s - Il i s - s - s - s - s - n - i s- n - i  Is- ss . - ‘u~ d i s - , s - r  s- it - i i s - i - I s - i n n - c  vs In- cre s- l ie

, s - ss c mu is - e it s - _ u i -I is- (1 f / c s - s - s - s - s - / -, s- / a i im , 1961 s-n- 
., ,  i’s - s - s - s - i s - n - I n - i n -  n - I ~s - s - -  rs - ’ . s - t s - :  - i n - s - v  I I , n - s - ,r .i s - in  - tu rn - Is - in s- c s - s - In - r i  n - cs - I

s - - i  s - s -  ¼~inn - ’ s / s -  ‘ i’ s - s - s - s- c s - us - is - i I s - s - s - c ‘ - s - c / i , I s- s - (~s -) j s - s - I n - cs- .s~ 
ns- h~ s - s - I s - .s - s - s - s - Ins - s - cs - u . n -  cs - s - n- hs-n n - sv ins-- n - i  n - he n - s - cs - i’s - c - . s - s - u s- s - 1 s - s - s - n v  s - s - I s - s -s s-n i s - s - ,i

i f )  s-. ini ’ n-. s- S s - s - s - i s - s - i i  l s - ) ’ - s - i  he m s - s - v s  s - tn - -  / s- cs - s - k  .Snis - s -’e vs - c i r s - ’ d-_n - s - s - ; i n p  v s - u s - In -  ,u h~~n-’ ’ , s - r s - s - t i l i s -

Is - n 1-u p ui re I ,i c s - i n n t p u n u s s - s - n s -  in - I  t In - u s - is - ins - i’ s - in - u vI s - - i u s u tv  Is-a-d ie s - i c s - u -  i1s - 1~~ ii, s - s - n -  c i  s - s - a v e  s - s in - in- s - is - ’ sc m - ne t s- s - f  s-si p i s - s - f n - s -”.sI i n-n , the

uiu g i f s - c p s - - s - s -  s - i l  .m n - s - r s - s -  fl y s- s- u se  s - v s - i s - i  i f s - v  i i i v l v ’ : n - u ieu i i s  m~ s - s - s - i- s - h i s - i - c  v s - u i  it s - t n - s - s - f cs - i s - s - s  s - I c p s - n - n - s - I s -  s - u -s - s- s - n - i  s - i n  s - n - -  n - v  on n- lie s- is - s-pc s - s - I
l i m i t i c i c os c i :  i r s - s - t i l e  s n en s - u s is - n s - h is -vs t h u  ( I f  in I s - e s - s - em s - i. s - f t c  n- I n - v / laye r  - n - s - s - s - s - r e  (s- vhs - is - s -s Is - is - vs the ;s -f - - s - c - .1 t In - s -  i s - s - i n -  n - n - i s - s - I s - s - i n

i s - s - n i u i s - n - s - s - s s - i y  p i s - s - I i I s -  p s - s - iR s s - s - I s - s - i s - c l  s - s -s- ic  s -v ile hei ght heI s -s -vs u s - c  is- 
s - I s - s - s - s e  n - I s - - - s - i s -  t n - n - f l y  s - s - f n - t i n- / -

, ls-c ,mk is u s - i  s - n - s - n -  is - i l  s - s -~s - p s - s- s - n - ’ in n- s- n - t m - s - I

~us ii s - Is - is -s s - t i  liv’ cu i t d s - s - uus - r h i n - d  cs - s - is - c -dependent s - In - es - in s hs-’ i s - s - vs -  h i s -  ps -s -al, \\ s- t n - s - s e  hen - c  an - i s - v i m - h i i i i  s -’ s- s - - s s - s- c - s - i n - s - se

[ / s - s - s - i s - I. I s - f l- f l .  i s - i  I hi s - us - n l o s -- n - , s - s - s  s - I n - c / s - s - es - s -k tn - i s - i s - e s  ds - s - s - sr s- is - v 20 s - s -u s - c s - c h in -  c s - n - c t  -nv c ui ss is - e ns - the gn us s - i s  ‘s- u ’ s -  . I s - s - s -’s is - is-  p, s - s v v v s

R n - i  is - isoig s - i l  h i s -  l ime iii s - n - s - es - i ron density n is - ignis - s - cd c. i fs - c ph se v s - i c  ij n - n - s - s - n - s -  a s - s - s - is- i s- i f s - c h u e  s - s - f .s -~- Is - n - ( is -  s- s - s - i,’i - n-iris - i II-
lu mun t s - in - , i I s -  pes - ik r c n t u u u s - i s  ns - ’ I , s - i s - v s - n - i s  us - nchs - s - i igc d in - i  ( s - u t s uuu s - i i s -  h u t  I ) J I f [  i n s - s e  vh s-vs i fn - s - r ss  Is-have s - , s - i n - s - v’l l , u s - n - s - s - s -  rn- i n - v s - is - ‘ - .

Is-li, -s - v- s - i n - - -  - s- n- In - s - g n; m s - i s - v  s-s - s - v s -  i t s - i n - f

• I lii’ v s - s - l i  - . s - n - r i ’ s - s - s - n - i  i l i i s -’ i ’ .ii s- s - i r s -  is- - - .

620 s-
s- - 

- s-
~~

s- s - s - ’ ’  I s - c s - i s - s -  s - i n - n - s - I n - I  s - I  s - s - i  - hs- s - is- is -  ~
5 .un - n -  s- s - i  - in - s- in-

s-
u ~~~~~~~~ s-~ 

ii u e n i c i s - i i s - s - n -  I f :  n - n - i  s - s -  - C : n - s - ,’ i f s - i ’ s-, s - s - ic u n - r i

‘
i ! i r s - s - n v  s - v s - i  - s - i i ’ s -  s - l i  ui l s - i s - s - I u t ’  ih ie s - s - i- i

- s- s- _ I s- - reis- u lt lb s - i t  this - u.’s - u ) s - i n s - n - n - u . I r  .un - s -,s - s - r i ,fs - u nr

s - s - eg s - I t n s - s - -  is - i liii F i n - s -  s - s - i  s - h . is - i g s -  s - I
- sim s -s - c the u ims - en c ’ es - i s -  v’ is -’ nu s - s - ill if-

~ ~s-s-~s-~ 

5

~~~~

” 
- 5

s ~~
“ 

~~~~ s-
( 

s- 
~, iri s-is-i ( i s - m uss-  i h e is - rs - n - s - s - i  I i s - uc s - l  - ‘is-

N “ - ~ 
v

1, - s- - s - s - s - s - i s - i s - i  e\ 1s - s -’ c s - s- Is- in - c i r i ’ I s - s -s s s - n -n - v I
‘-~ - I 

_ \._ s- I
)s- 300 

- 
- . - 

- ‘ - - ,, ‘- 
‘ 

‘ s -
i i s - i  the i s - I n - g u s - v u ’  is- I thin c -

- - - 

‘
:3 

s- 
— 5 5 Ih us s - insu s - In - is s - h - - n  s ‘s -

- - -
~~ g Il nc s - i s - i ’ s - I

- s - n -  ‘is- 
- s- 8 • s- s- ~ 

s- - li mo 1’ , is-

i40 s-_ — ‘ - — , —s- 
s - s - i s - s - s - s -  is- ’ - -

is- 0 2  0 4  “n- s 0 0? O s -  - s - f  fl 07  04  
~i s - s - - s-

s-v s - s - u s - s - s - is is- s L s - s u s - S
s- g I i s - s - i s - r s - s - . i r s - s - s - s - i s -  s - s - i  n - is - v’ s - n - u s - s - n -  , s - s - f  t n- s- s - l e v i - o n  i s - s - i s - I . is- i t i ( r  —‘
m , n - i iu i \ i s - i n - s - s - i s - i s - i s - u i :  p r s - s - i s - I s -— u r i s - I i’s -  Is- i i i s - il i s - i s - r s - e  s - i  - s - s - s - i . i  . -

- ~~~~~---~~~~~ - -  —



7” AD—AflO Ill CINCIP *IAT I tRIIV OHIO DEPT OF PHYSICS F/G S/i
— RESEARCH IN GRAVITY WAVES AND AIRSLOW PHENOMENA. (U)

NOV 76 1 TUAN F19628—7q—C—0006
IMCLASSIFIEO AFGL—TR—76—0296 NI.

2cc 2 ENDS 
___

I

-~~~~~~~~~~~~~~ AL



II
_ _ _  

I~ l~ 2.2
III~~~

Ii L’~ ~OH~
0

_ _  lB

11111’ .25 IIIlI~•~ III 11 1.6

MICROCOPY RESOLUTION T EST CHART
N#II ONAL BUR LAU OF ~~~N~~~~ ’S H. ’.



—, , ..- .—
~
...- -

~ ~~~~~~~~~~~~~~~~~ r~r!,.~~’ ’  r.” • ——’ —.— —-- ~~~~~ ~v,~~~~’”’ ”

f 3830 PORTER f T AL. : GRAVITY WA ~~ES ANt) AIR ;i ()~

6300 A ZENITH An GLOW the solid curve in Figure 3 for the quenching coefficient of
-—COLUMNAR ELECTRON CONTENT - JNe th.t )dh S/anger ci ul. [197 11 and by the dotted curve for the coefficient1 i.00

used by Hernande: and Turtle 11969]. For both curves we have
0.90 ~~~~

used a scale height factor of p = 1.75. All other gravity wave
U) parameters are the same as those used to fit Thome’s results
I-

IPorter and Tuan , 19741.
~~~

O60 \
The three important features are that (I) the oscillations for2-

0.40
the higher 02 quenching rate of S/anger et a!. [1971) are less4

- I pronounced than those produced by the lower quenching
0.20

4 coefficient of Ilernande: and Turtle [1969], (2) there is a phase
advance with the higher quenching coefficient of between 10

I ~~
—-- - and 20 mm (the reasons for this will be given,in a later section),

1500 1700 1900 2100 2300 and (3) the luminosity peak for the higher quenching
L T coeffieient is in general about 20 km higher than the peak for

Fig. 2. Time variation of the 6300-A zenith airglow compared with the lower coefficient.
the total columnar electron content and the time derivative of the total In comparing these results with the behavior of the 6300-A
electron content , line, there are the following important differences: The elec-

tron quenching for the nitrogen line is, relat ively speaking,
quenching as we have just mentioned or to introduce some much more important than that for the oxygen line. If we use
production process. This point will be discussed further later. the coefficient of S/anger et a!. [1971), the quenching due to

molecules for the nitrogen line is down by more than an order
5200~A NITROGEN LINE of magnitude from the quenching for oxygen, owing to the

The 5200-A N I is produced in the F region by dissociative combined effect of a smaller quenching coefficient and a
recombination in a manner similar to the production of the smaller abundance of 02 molecules than of N molecules, The
6300-A line. Analysis of the effects of a gravity wave on this difference in electron quenching is only about a factor of 2.
line is of special interest because of the very long lifetime of the The relatively more important electron quenching has the
nitrogen 2D,.2 states. We can no longer use the quasi- effect of holding down the 5200-A luminosity peak , since the
equilibrium theories, especially at higher altitudes, where available electrons for quenching increase until the F, peak,
quenching can no longer compensate for the very slow well above the luminosity peaks of both the 6300-A and the
radiative loss. If we neglect diffusion [Hernandez and Turtle, 5200-A line.
1969), the continuity equation for the atomic nitrogen density The net result is that although one may at first expect the
in the 2fl state N(’D), is given by 5200-A luminosity peak to be well above the oxygen peak, ow-

ing to a much longer half life, the reduced molecular
ÔN( 2 D) 

= p — (A.,, + K [0,] + K,NJN(’D) quenching at lower alt itudes coupled with a relative increase in
electron quenching (unimportant for the 6300-A line) at higher
altitudes would bring down the peak position for the 5200-AIn (3), P is the production rate for N( ’D) , K 1 and K, are the line to height levels comparable to those for the 6300-A line.

• quenching coefficients for 03 and electrons, respectively, A ; is This is not inconsistent with the observations of Weill andt he Einstein coefficient for N(3D). If we go down to low Christophe-Glaume 11967), who argued from geometric con-enough altitudes, where the quenching is sufficiently strong to siderations that the 5200-A peak is about 12 km above thebalance the production rate, we may neglect the time 6300-A peak if the speed of the trave ling ionospheric distur-derivative term , and the theory reduces to a quasi-equilibrium bance is assumed to be the same at the peaks of botht heory exactly analogous to that of Peterson et a!. [1966]. For emissions. We may conclude thai since both peaks occur atthe production rate we again assume that the production of 
near ly the same height, the oscillation amplitudes should beN(20) thro’~gh dissociative recombination of N0~ is balanced comparable. This conclusion is borne out by comparingby charge transfer between 0 and N2. In this way, the Figure 3 with Figure 2.production rate of N( ’D) states varies w ith height as the

product of neutral N2 concentration and N~.
The loss rate of N(2D) is represented by the three terms on — ~ ,. i~~~id’ cm’ iic ’

I.(
K i4 , Ió ” cm’w cthe right-hand side of (3), corresponding to radiative loss, 02

quenching, and quenching due to superelastic collisions with att he electrons. We have assumed that A ;, = 1/26 h ’
[Chamberlain, 1961] and K, = 8 X l0~ ° cm’ s ’ [Sealon,
19561. For the rate coefficient K1 with respect to O, quenching
we have tried both K 1 = 1.4 X 10 “ cm’ s ’ [Slanger et a!.. 

041971] and K~ = 1 .4 X 10 l2 cm’ s [Hernandez and Turtle.
1969]. The two values differ by an order of magnitude, and
t here is reason to believe that the value given by Hernandez 0.2
and Turtle may be on the small side (0. Flernandez, private
communication , 1973). Equation (3) may be simply in- ts db i~~6 I~00 2~00
tegrated. subject to the initial boundary conditions. From the I. ‘
N(’D) concentration we may readily calculate the columnar Fig. 3. Time vari at ion of the ~20O- A nitrogen emissi on in a gravit yzenith airgiow intens ity for the (S , ,-‘D 5 2.2 2) forbidden op- wave for the 0, quenching coefficient of Hen,ande: and T~,tl, 119691
tical transition as a function of time. The results are shown by (dashed curve) and Slang,, er a! 119711 (solid curve).

- — .~~~ — —~~~
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COMPARiSON WITH SIMUt .TAN EOUS OBSERVATIONS OF
— S, — .0 x iO” cm’ s.~f ,F,, h’F,, AND 6300-A 0 1 EMissioN .0

We have mentioned earlier that some published data seem a
likely to have exhibited the effects of gravity waves. In this sec-
tion we use some of Dachs’s [1968] simultaneous measurement ~ ~

-

of ionospheric parameters and the 6300-A 0 I emission to il-
lustrate the theory by fitting the observat ions to an assumed
gravity wave

Dadis [1968] has made intensity measurements of the 6300- 2
and 5577-A emission lines as a function of time. These
measurements together with simultaneous measurements of 

i ~ ~~ ~ ~2 2~/ j ~ and h’!’, seem to show considerable correlation, especially L 7
between the 6300-A line and the ionospheric parameters. In Fig. 5. Oscillations of the 6300-A line for two nitrogen quenching
Figure 4 we have shown a comparison between our theoretical coefficients, showing how the larger quenching coefficiei ,t (dashed
results and the experimental values forf0F,, h ’F,, and the 6300- cur ve) reduces oscillation and introduces a phase advance .
A airglow . For the theoretical parameters we have chosen p =
1.5, H = 65 km. the recombination coefficients ~(200 km) =

0.34 h i , and the diffusion coefficient D(200 km) = 6.1 < 10’ damped model. The quenching at 200 km is assumed to be
0.24 s ‘,and the electron quenching is neglected. The quantumkm’ h ~. These are somewhat different from the parameters

chosen to fit Thome’s observation, but considering the fact efficiency for emission from the ‘D is assumed to be 0.5.
In view of the rather good agreement between theory andthat we have completely ignored production processes (the

observations are made between 1800 and 2400 LT), they are experiment for both the airglow and the ionospheric
parameters one can readily conclude that even without a totalthe right order of magnitude. For the gravity wave we assume electron content measurement , we have a gravity wave passingthe velocity amplitude A(200 km) = 35.2 m s~ and the damp-

ing factor q = 0.49, which is rather close to Hines’s [1960) un- through with a period of between 2 and 3 h. The comparison
between the airgiow intensity and the h ’F2 shows all the ex-
pected phase correlations; i.e., when the airglow intensity is at

300 a minimum, the F, peak is approximately at a maximum.

EFFECT OF QUENCHING AND THE CRITERIA FOR
DiFFERENT DISTURBANCES

• ~ :0~~~\., .F< 
can cause a phase difference in the oscillation of the airglow in-

As was already mentioned in a previous section , quenching

Is 

A

tensity. Figure 5 shows the 6300-A 0 I for two N, quenching
coefficients. The solid curve uses a quenching coefficient S, =
1.0 X l0 ° cm’ s ‘, whereas the dashed curve uses S~ = 2.7 X

4
l0”  cm’ s ‘‘ . All other parameters are the same as those used
to fit Doe/ is ’s [1968] experimental observations. The highei
quenching coefficient seems to produce fewer oscillations as

3 well as a phase advance by about half an hour. It is easy to Un-
derstand why the osc illation should decrease when lhe

k 2
(si

quenching is increased, since a higher quenching rate would
move the luminosity peak up to a point where the electron

I density oscillation is less. This is true so long as the peak
luminosity remains below the F2 peak [Porter and Tuan. 1974].

— YNEDIY
300 o ouu.veo NISULTS To understand why we should have a phase advance, we must

consider the variation in the phase of the electron density Os-
250 • cillation with respect to the neutral gravity wave as a function

of height. The solid curve in Figure 6 shows a plot of the
204 •: theoretical phase variation with altitude, and the dashed curve

2 •
shows Thome ’s (1968) observed results. (Figure 6 is taken from

- 15< Porter and Tuan [1974].) We see that the phase of the electron

~ height of the luminosity will bring little phase change. Above

•C

is a region, however , below 260 km where an increase in theo~~ o • 8
o : 

density oscillations advances monotonically with height. There

260 km any increase in the height of the luminosity curve
would bring a rapid advance in the phase of the electron den-

t~ 20 2 22 23 24 sity oscillation. Even though Figure 5 deals with an integrated
intensity, since the phase advance is monotonic, an upward

L ’T
shift of the entire luminosity profile must always produce aFig. 4 Experimental observations (open circlca)ofDachs showing phase advance.

simultaneous variations in fj ’ ,, h’F,, and the 6300-A airg low com-
pared with theoretical calculation, (solid curves) based on the assump- The anal ysis seems to suggest a means for distinguishing air-
tion of a gravity wave with a period of approximatel y 3 h. glow fluctuations caused by gravity waves from those caused

— _. ~._A — ,—.—.——.-.——--. —. __ ..... ~~~~~~~ .. . ~~~~~~~~~~ ~~ 
.—~—. ..--~—.-.-.-—-— —,— . ~

, —. 
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d ilation h~ a time dela~ of about 25 miii . We have at first some
reason to  ‘~,e1 that this particular disturbance could he caused

~~ 
0~8 ‘ hs. a wave , since ( I)  the disturbance appears to be periodic w ith

a period of about 3’ h, and (2) the airg low fluctuation shows a
0.4 

~~
—- phase advance of about 20—30 mm with respect to the rate of

w that the disturbance is a wave, since the period is of the orderz
0 of 3’ 2 h and the disturbance lakes place around the middle of

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

NESULTS change of total electron content. However , it is rat her unlikely

the night , w hen we can forget about photoionization. The dis-
? —0.4 turbance also does not vary monotonically with time , and it4

shows large oscillation amplitudes . We may add that the first
~ -0.8 condition mentioned above can be produced by any periodic

disturbance , and the second condition can be produced by
_________________________ either a gravity wave or a vertical drift without any introduc-

~ 200 300 400 500 600 tion of additional charged particles. There is of course a
ALTITUDE 1KM) possibility that we may simultaneousl y have an elec-

tromagnetic drift together with an introduction of additional
- 

, 
Fig. 6. Theoretical calculations of the variat ion wit h altitude in the electrons . In fact , such an event would be quite consistent withphase of the ionosrheric oscillations compared with Thome’s [1968] both the experimental observations and our criteria.observed values.

CONCLUSION
by incident particle flux, if a simultaneous measurement of We have examined the effect of a gravity wave in the Ftotal electron content and airglow intensity can be made. If no region on the electron density and on the emission intensily ofk production mechanism is present and the disturbance is caused two forbidden transitions whose mechanisms involve recom-entirely by a gravity wave , then the following observations are bination with electrons. Because of such effects as quenchingtrue: and the lack of available 0,’ and N0 molecules at highI. There is relative ly little fluctuation in the total electron altitudes , the vertical movement of the luminosity profiles incontent or in any experimental parameter that depends only response to the passage of the gravity wave is much smalleron the total number of columnar electrons rather than, say, on than that of the electron density profile. The amp litude of os-how the electrons are distributed. ci llation of the airg low , on the other hand , is greater than that2. The rate of change of total electron content should re- of the total electron density, which val ies rnonotonicat l~ w i thma in negative. Thus for nighttime conditions and a gravity t ime. Ow ing to the presence of a magnetic field as usd1 as thewave length that is sufficiently long (of the order of 1 500 km . s hape of the electron density profi li’. phase diff erences isay) in comparison with the thickness of the ~ layer that we behavior occur between different hci~ hts . This efTeci, coin-ma~ neglect horizontal transport arising from concentration hined w i th  the hei~ ht-d iffcre nt iatint’ effect of quenc hing.s gradients in the horizontal direction, the total columnar elec- produce s phase differences at so be twe en airgiow andtron content should decrease monotonically with time. This ionosp heric param eters. A combination of airg iow andresult is easil y understandable , since the only reason for the lit- ionospher ic measurmen c can he used to differentiate bet us celltIe fluctuations that we do get in the total electron content is gravity waves and the effects of incident particle flui sthe variation in the recombination coefficients as the The theory has been tested by assum ing a gravity w • is- e effectionosphere moves up and down, for some published data on s~rnuitaneous measurements of air-3. There is always a phase advance in the airglow flue- glow and ionospheric parameters. ihe fit was  sat is f actory.• tuat tons wit h respect to the rate of change of total electron This study represents the fIrst theoretical treatment , as far ascontent. The magnitude of the advance is in general deter- we are aware , of the effects of gravity waves on airg low . Wemined by the quenching. have tried here to establish the basic characteristi cs to be esWe should remark here that if a horizontal time-varying

pected for the luminosity and election den..ity profi ic~ ui~~cielectroslatic field exists in the F region causing an E x H drift the influence of a gravity wave and to show how these could hein the ambient electrons only, without any horizontal used in some cases to provide information on processes. 1.x-transport, then all three of the above properties in the behavior pansion of the techni ques should be useful as a tool for theof the a irg loss and columnar electron density should also hold. study of both gravity ’ waves and upper-atmosp here p.urametercThey would no longer be true, however , if somehow additional and processes.electrons were introduced eit her through transport or some 
Api’i ‘.t)i\sort of production mechanism. For instance, if the disturbance

is caused by an incident particle flux that produces additional A good anal ytical approximation for t he decay constant X,
ion-electron pairs, then the rate of change of total electron expressed as a function of the scale height factor p is given by
content can go positive, since t he total columnar electron con- 

D 1/2

-tent can no longer vary monotonica lly with time. In general, 
~~~ 

— 211the fluctuation can also be far more drastic (Moschandreas and
Than. 1974], 

{l + -~~~~ [a~~’T(p + ~
) — F(1 + ~))} (Al)As an examp le we consider the data of Brown and Steiger

(19121, who have simultaneous ly measured the 6300-A airglow
and the total electron content as a function of lime al Hawaii. A derivation for this is gisen by Tiwn 11968]. Another
They found an oscillation in the airglow that correlates with totall y different ~derivat ion has been given by Porter and l u a u
oscillations in the total electron content . The negative time 119741. In this ex pression . X. decreases mono1onicalI~ with in-
derivalive of columnar ekctron contenHrails t~~ a~rg~~w r~~~ng~~ w h e r e l s P s ~~ Thus t he decay olthc t laycr is rn
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general faster w hen the gases are perfectl y mixed (P = I). RFFFRF NCES
The expression 8(q) in (2) is given by Barhier . D.. Observation photométri que d’ une perturbation de Ia

haute atmosph ere . . lst rop his . Van ’ . 9, 55—59, 1964.
4a sin 0 cos or [(3/2) — 

~~ (A2) Barbier . D., Deux phénoménes particuliers prCsentés par Ia raie rougeB(q) =

~a w H de Ia lumiCre du ciel nocturne, Ann Geophi- .s’ . 21. 228—234, 1965.
Brown , W . E.. and W . Steiger . 6300 A quantum efficiency of the

As was already mentioned, q varies between 0 and ½. II q is recombination mechanism in the night-time F-layer, Planet. Space
Set . 20. 11—24 . 1972.set to zero, the velocity amplitude does not vary with height. Chamberlain, J. W ., Oxygen red lines in the airglow, I, Twi light and

Otherwise, it increases exponentially. We see that 8(q) night excitation processes, A.ctrophi ’ .c . J., /27 , 54—66, 1958.
van ishes at the magnetic pole and equator , where we do not Chamberlain. J. W .. Phi ’ .sic.u of the Aurora and A leg/ow, p. 579.

• expect a horizontally ducted gravity wave to produce os- Academic . New York . 1961.
cillations in airglow . Dachs, J.. Die Helligkeiten des naehtlichen Luftleuchtens wShrend des

Sommerfiechen Minimums nach Messungen in SOdwestafrika .The functions P~(p, us,. t) and R2(p , us,. 1) are defined [Porter I/d ir P/ u i -s - limos . 41 . 1 84—2 15 , 1968.
and Tuan. 19741 by Davis, M. 3., and A. V . daRosa , Traveling ionospheric disturbances

originating in the auroral oval during polar substorms , J. Geop/n ’s.
~~ — t ’)l Re.c ., 74, 572 1—573 5 . 1969.

P~ = c(q, t~, 10) J exp [ ‘ - ,j 
Georges, T. M., and W . H. Hooke, Wave-induced fluctuation in

ionospheric electron content: A model indicating some obser-
vationa l biases, J. Geoph v.c . Res., 75, 6295—6308, 1970.exp — (X0(t ’ — r~) — B(q) sin w(:’ — i~)J di’ (A3) Hernandez, G., and 3. Turtle, The N I (4S1 20-’D5 2 5  ~

°) transitions in
—~ ~~ — :‘)l the upper atmosp here at night. Planet. Space Set., / 7 , 675—684,

1969 .R,, c(q , to,  i~) j ex~ [ - — i-——] Hines . C. 0.. Internal atmosp heric gravity waves at ionosp her ic
heights. (‘an, J. P/ i t s . ,  34. 144 1— 148 1, 1960.

‘exp — [X0(i’ — i~) — 8(q) sin o(:’ — 7~3] Klostermeyer . 3.. Numerical calculation of gravity wave propagations
in a realistic thermosp here. J. A tunas. Terr. P/irs.. 34. 765—774 ,

- - . C05 0(1’ — 1~) di’ (A4) l972a.
Klostermeyer . 3.. Comparison between observed and numerically

w here calculated atmosp heric gravity waves in the F-region, J. Atmo.s.
Terr . Phi ’s . 34, 1393— 140 1 1972/i.

usu,, = —(n + ~
) Lagos, P.. The airglow 6300 A 0 I emission: The tuminosity profile

wit h vary ing scale height ,). Almos. Tee,. P/ i r s .. 26. 325—334 . 1964 .
$ k = H/2(B0 D0)”’ Lagos. P., W . Bellew, and S. M. Silverman, The airglow 6300 A 0 I

emission: Theoretical considerations on the luminosity profile . ).
Although both P,, and R,, are oscillating functions of time with Almo.s , Terr. Phi ’s ., 25, 581— 587, 1963.
frequency w, R, may change sign, but P remains always Moschandreas . D, 3.. and T, F. Tuan , On the behavior of the polar

positive. It is easy to see that as w -.-. 0, both P5 and R,, become ionosphere under the influence of incident electron flux. J. AOno.s.
T~rr . Phi-s ., 36 , 287—303 . 1974.

monotonic functions of time, and all oscillations vanish from Okuda, M.. A study of exc itation process in night airglow , Set. Rep.
the expression given by (2). To/nA-u I “iii- See. 5. /4 . 9—26 , 1962.

The functions F_ (p) and G5(q) are given by Peterson . V . L., and T. Van Zandt . O(iD) quenching in the
ionospheric F region. Planet. Space Set.. / 7 , 172 5—1 736 , 1969.

— p)r(n  + ~
) r(n — 1)~ (I + ~

) Peterson . V . L.. T. Van Zandt , and R. B. Norton. F region nightglow
emissions of atomic oxygen, J. Geophi- .s . Re.s., 7/ , 2255—2265 , 1966.F,, (p) = — 

1’( l) Porter . H.. and T, F. Tuan. On the behavior of the F layer under the
(AS) influence of gravity waves ,). Atm o.s. Ter,. Phr .s .. 36 , 135 —1 57 . 1974.

Rishbeth , H.. and 0. K. Garriott , Introduction to Ionospheric Phys-
1 ’(q±n— _ l)F((3/2) — q) [(I — q) 

— ] ics. p. 123. Academic, New York . 1969.
• G,,(q) =

F(q) 2 Schunk . R. W ., and 3. C. ‘]. Walker , Theoretical ion densities in the
lower ionosphere. Planet Space Sd .. 2/ . 1875—1896 , 1973.(A6) Seaton . M. 3.. The .4irg loiu and the Aurora. edited by E. B. Armstrong
and A. Dalgarno. p. 289. Pergamon. New York, 1956.

The derivation of these functions is given by Tuan [1968] Silverman , S. M., Unusual fluctuations of 5577 A 01 airglow emission
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